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THE EFFECT CF KOtmiBSS OH THE BEAT. .TRANSFER FROM j |
A PgE TO A MOTTOS gLCTD. !l
\ ' '  ■  i
ABSTRACT . I:1
Experiments were carried out on water flowing tebulmtly inside |
each of the five following steam heated pipes s-
1* Three copper pipes, their internal surfaces heing artificially
roughened by a special knurling process which produced a pattern 
of frasta of pyramid geometrically similar In form hut varying 1j
in absolute size from pipe to pipe* The conventional roughness 
ratios {height of frustum of pyramid / radius of pipe) were
■ if
O.Q3Q9, 0.0228 end 0.SI47. jf
2* A smooth copper pipe of the same inner diameter as the three
artificially roughened pipes* . |j
5* A smooth brass pipe of 1*25 inoh inside diameter* 1
In case 1, the effect of roughness on the heat transfer and |
friction was investigated, and the empirical equations correlating |j 
the average heat transfer and overall roughness, by introducing I
the friction velocity, were deduced* Also, the average heat
K
transfer data and friction data were correlated by assuming the j
- if
eddy diffusivity for heat to be equal to that for momentum* To |
show the direct effect of the height of roughness on the correlation
between Husselt number, Frandtl number and Reynolds number, the
conventional roughness ratio was introduced as a parameter*
The friction data for all tubes with end without heat addition are 
investigated* Also, a correlation between roughness function end 
roughness characteristic was deduced and the equivalent sand-grain 
roughness was found*
The results of the writer* s experiments on rough tubes were correlated 
with those in previous research on air flowing inside tubes having square- 
thread type roughness and those on water flowing inside tubes having 
pyrami&-iype roughness*
In Case (2) the average coefficients of heat transfer and the 
coefficients of friction were compared with those.of. the rough tubes*
In Case {3) the average coefficients of heat transfer and the 
coefficients of friction were calculated in order to compare them with 
those obtained in Cases 1 and 2* ,
In Cases 1 and 2$ the efficiency of each tube was investigated by 
comparing the horse-power transmitted as heat with the horse-power expended J
in forcing the fluid through the same length of tube* j
In all cases the change in slope of the curve representing the |
relation Detween sad Be was instigated. j
Finally, the effect of evaluating the physical properties of water !
at bulk temperature, film temperature end surface temperature, on the |
equation correlating Kusselt number, Prandtl number and Reynolds number was 
investigated in all three cases*
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The following nomenclature is used in the thesis unless otherwise stated.: 
(A.) SYMBOLS
A area '* ' sq*ft.
0 specific heat of water at constant pressure* B. Th.V/(lb)(°P)
P
D inside diameter of tube - ft.
B© inside diameter for a rough tube s= J(Volim® of tube) A ~ ft.'
r inside radius of tube * ft.
f average friction coefficient* .
fb average hulk friction coefficient,
f^  modified film friction coefficient.
g acceleration due to gravity* 4*17 x 10^  +
h average heat-transfer coefficient* R.Th.U/(hr)(sq.ft. )(%) 
k themal conductivity of water* B. Hi. U/(hr) (sq. ft) (°P/f t) •
thezmal conductivity of tube * s material * B. Th. tj/(hr) ( sq* f t) ( °P/f t) •
L effective heat-transfer length of test section* ft*
hy. V * notch discharge head* inches, 
hf pressure drop in tube - inches of water*
M Mass flow rata - lb/hr.
Q Rate of heat transfer to water* B.Th.TJ/hr.
q amount of heat given per unit inner surface area per unit
time* - B*Th.TT/(sq.ft)(hr). 
s heat-transfer area of test section based on inner dia* ft.^  
p pitch of the knurl.
5average bulk temperature equal to average of entrance and exit 
temperatures, °F«
^  average film temperature equal to half the sum of average bulk 
.' and average insi&e-tube-wall temperatures,' ° F .  
f0 average inside* tuhe^mll temperature, °P. 1 
If Telocity, ft/sec^
Fff friction velocity, ft/sec.
I4 absolute viscosity” of mter, lb/(hr)(ft)*
9 density of mter, lb/cu.ft.
* Shear stress.
6(B). Dimensionle ss parameters*
hi) Husselt number* ■ '
k . '
Q-pft Rran&tl number, 
k
a^Sbulk Reynolds number# •
modified film Reynolds number. '
£fi£ modified film Reynolds number -with friction velocity. 
**# '
.Jsl'^jnodified surface Reynolds number.
,,i% .
stanton number.
ss Oha3racterist5.cs.
. “  conventional roughness ratio*
~ ratio of roughness height to knurl pitch* ■
3?
w h e r e  ■
© «* height of rou^mess element (frustum of pyramid), ft. 
p »* knurl pitch, ft*
-V
(D). Subscripts#
1 . -test section entrance*
2 ■ test section exit . ;
i inner' surface of test section,
o outer surface of test section. : .
m mean
■ 0 bulk (when applied to properties, indicates evaluation at. average 
bulk temperature)*
f film (when applied to properties, indicates evaluation at average 
film temperature)*-
s surface (v&en applied to properties, indicates evaluation at 
average inside-tub e-mll temperature).
7x tm o w c T im
Many systematic investigations have been carried out to obtain 
data on surfaee«*to~flul& heat transfer and the associated pressure-* 
drop for a fluid flowing through a smooth tube over a wide range of 
surface temperature and heat flux density* Much of the work has 
'been carried out with circular smooth pipes either having a long 
calming section (whereby the flow becomes fully developed before it 
enters the pipe under test) , or having various entry conditions 
(which create an imposed turbelenee at the entrance of the tube 
under test, which win soon die out some distance down stream) or 
having Various turbulence promoters inside the whole length of the 
tube (introducing forced turbulence dong the whole length of the 
pipe)-*
During an investigation into the heat transfer to a fluid 
passing through a pipe employing various fonss of turbulence 
promoters, it was observed that at relatively low Reynolds numbers 
it was possible to express the heat transfer approximately by the law
Ku “ C(Ee)n (lpm
where C, n, and m are constants} however, when the value of Reynolds 
number reached higher values it appeared that it decreased and in the 
case of a "Rows* tube actually tended to zero* This pronpted the 
question of whether a similar phenomenon occurred in the case of a 
pipe without turbulence promoters* Very few results have been 
published for Reynolds numbers greater than 160,000, so it was
8decided to carry out tests tap to a Refolds number of 600 ,QQQ to 
study the variations in value of constants 0 and n as a function of 
Reynolds number* .The, second part of the. research was carried out; \ 
on rough pipes in order, to. study the roughness, effect , on heat , 
transfer and the associated .friction coefficients* , •
The''available literature on fluid flow in rough tubes provides 
extensive friction data for incompressible flow with no heat transfer 
in tubes having various types of random roughness (that is* various 
types of commercial pipes). To a more limited extent* data are also 
available for tubes having various types of artificial roughness such 
as the Ifikuradse sand-gram tubes. Using Hikure&se's data, Von 
Kanaka ^  has established frlction-factor relations for flow in 
smooth"pipes*'' and in rough pipes where the roughness is sufficient to 
result in completely turbulent flow. The von Karmaa function for 
rough pipes is found1 to be valid,.for most types of random roughness. 
For the case of heat addition both friction and heat transfer data 
are extremely limited in rough-tube literature; moreover* the data 
obtained by Cope ^  for water, flowing through artificially roughened 
tubes is for the cooling case (the heat ms transferred from the water 
to the pipe*s wall) and for the Reynolds number up to 60,000* The 
significant feature of Gope#s results m s  that* for one rough tube, 
the coefficient of heat transfer mid the coefficient of friction were 
less than for a smooth tube* Furthermore* Cope did not conduct any 
experiments on a smooth tube of the same bore as the rough tubes* in 
Order to obtain a definite comparison between smooth and rough tubes*
9Sams'^' conducted experiments on air flowing in circular tubes 
hating sguare-thread-type roughness and deduced a certain correlation 
"between the coefficient of friction and the parameter of the roughness,
To enlarge the knowledge about friction and heat transfer with 
heat addition for an incompressible fluid, the present writer has 
carried out this research to show the effect of roughness on heat . 
transfer, friction, and the saving of power, in the case pf artificially 
roughened tubes having water flowing inside them. The tubes, which 
were steam-heated, had various degress of frustum of pyramid type 
roughness obtained by a knurling process and inside diameter of 1*23 
inch and an effective heat transfer length of 59 inches* Data were 
obtained for three degrees of frustum of pyramid roughness3 the rough­
ness were geometrically similar but varied in size from the tube to 
tube, resulting in conventional roughness ratios (height of frustum/ 
radius of tube) of O.CX3L1^ 3, 0,022?8 and 0.03090, Data were also 
obtained for a smooth tube (of the same diameter as the rough tubes) 
for comparison herein with the rough-tube results, The results 
reported herein covered ranges of bulk Reynolds numbers from 9*COD to 
540,000, ■ '■
The present writer has also undertaken to investigate the validity
|T.
■of representing the relation between - and Be, for rough tubes
r .
on a‘ logarithmic scale by a straight line for all Reynolds numbers as 
in the case of a brass tube*
In all cases the problem of evaluating the physical properties cf 
water at average bulk temperature, average film temperature and average 
surface tenperature were investigated.
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CHAFE 1 
HEAT TEAHSESE BY KBCED CONVBCTICM 
The problem cf heat transfer by forced convection can he solved 
in two different ways#
firstly* by assuming an overall coeffsclent which is valid for 
the whole process through the hulk of the fluid. Thus we can write 
Q =s liA (tg «* t^» } 1.1
where Q « given quantity of heat per unit time.
A s* surface area, 
ts=s surface temperature* 
fluid tOTperature*
Secondly* by considering the conduction through a film layer of 
the fluid immediately adjacent to the solid surface. ' This can he 
represented by Newton* s equation# -
8tv»
Q as #4gA...(';:v : ^  as Q  * * # * # . f . « # # # . . .  1 * 2  '
where  ^ temperature difference across the fluid film
immediately adjacent to the solid surface* .
y s thickness of the film*
The heat is then diffused through the rest of the fluid by 
direct contact of the particles and by the eddy currents.
The second method implies many c applications since it would be 
very difficult to determine the thickness of the film and the 
temperature gradient across it. The first method is much simpler 
than the second and therefore nearly all investigations have been 
done using the first method#
11
THEORIES OF BMP TRMSEER BX FORCED CONVECTION 
AM) BBEEBCP CF CCeESLAfIBS DATA
Before analysing the work carried out, a Brief summary will be made 
of the different theories and methods of correlation of heat transfer by 
forced convection, particularly for fluids in a turbulent state inside 
pipes.
Since Reynolds published his theory of heat transmission by convection, 
in 1874, the transmission of heat by convection has been made the subject 
pf direct inquiry; and many attempts have been made to reduce it to a system*
The first investigations ©re connected with the names of Newton, Dulong 
and Petit* Peclet, Xoule, Rahkine and others* Some ©f these investigators 
stated that the quantity of heat imparted by a given extent of surface to 
an adjacent fluid is independent of the motion of that fluid, and the nature 
of the surface*
In 1874 Reynolds (31) ptiblished one of his earliest theories of heat 
transmission in which he stated that the heat carried away by air or any 
fluid from a surface, apart from the effect of radiation, is proportional 
to the rate at which the particles or molecules pass backwards and forwards 
from the surface to any given depth within the fluid. This assumption 
was based on the molecular theory of fluids* According to this theory 
the diffusion depends on the following conditions
1* The natural internal diffusion of the fluid when at rest*
2* The eddies caused by motion continually bringing new particles 
into contact with the surface*
12
Comb inlog the effect of these two causes, Reynolds deduced the 
following formula t* ■
H * At + B e. Yt X.3
where
H m heat transmitted per unit of the surface in a unit time, 
t = the temperature difference between the surface end the fluid, 
P m density Of the fluid,
Y « velocity of the fluid*
end A and B ere constants depending on the nature of the fluid. Thus*
in this equation Reynolds stated that* if a fluid was forced along a fixed 
length of a pipe which was maintained at a uniform temperature greater or 
less than the initial temperature of the fluid* the following conditions 
could be obtained r*
1# Yihen the fluid.had zero velocity it would acquire the same 
temperature as the tube#
2» : As the velocity* increased* the temperature at which the gas would 
emerge would gradually diminish* rapidly at first but in a 
• ■ decreasing ratio until eventually- it would become practically 
constant and independent of the velocity*
Reynolds suggested that the velocity above which the temperature of the 
emerging gas would be sensibly constant would be the same as that at which
the resistance offered by friction to the motion of the fluid would be
proportional to the square of the velocity#
i.e. E » A^ * Y *
13
where
‘E * friction resistance Between surface and fluid*
Reynolds suggested that constants A and B in equation (1.3) were 
proportional to constants A^ and B1 in equation ^ 4) * In further 
explanation of this theory, Reynolds stated that the motion of the heat 
from the surface of the pipe follows the same laws as the motion of 
momentum to the surface, whether By conduction or convection.
the loss of pressure shore the critical velocity is given hy the 
following equation s- ,
ss. . j g i .  Vs m L  ............ 1.5
«*. (2y)3-M . A
or
n r j|R . ** % t Bk  — : -■■■ - . IT ^  ^  BM fW *••• 1*6
*  w (%)>M ~ i r  <iT>
idler©
' p « pressure of fluid per unit area,
|A tt. viscosity of fluid, , 
r • » radius of pipe,
W « weight of fluid discharged,
Y * velocity of fluid through the pipe, ?
* *
and A, B and M are constants depending upon the nature of the surface*
o
• In equation (1*6), djs is the loss of momentum due to diffusion
dsc ^
and convection, and' W  is the momentum of the fluid. Substituting loss
S a .
or gain of heat w §  ft* » and substituting the heat In the fXuia
\
34
above or below the wall tenperaiure* W (® ~ t) for — V, equation (1*6)
o
becomes *- •
_ at «, 2 P2"® „ M-X. „M ^  ,
dx r & ' •"i"'’•_iwi vgj T ' ■:. B \9 •* t/ •«••••• 1*7
'■•••■. <2r) ■ ' ,  &
siibstltuting W **
$  ^ ^ 'gir ▼ -f—  (e> t)  1.8J £  .
f* ; p gr > H
".. This equation represents the tesrperature gradient along the. pipe, .
1^ 3sr® * t ; ® temperature of the fluid (^)f ■ ■ ' . ,,r.T-v
'« temperature of the tube (°c)#■ ' ■
when the temperature $ Is constant# equation f6) can he integrated and
the temperatures at the inlet (tj) and the outlet (t^ ) found*
33ms e -» tl _ S a a n M  . K L  .*.....1.9
e - ta "V i p (2t)3"m
where. ' 1. * length of the tube*
following Reynolds theory# Stanton (39) gave a more general explanation
of Reynold* s law of heat transmission* It is as follows t-
Mementum lost in length dx/total momentum of fluid
Heat exchanged ■la length dx 
" Total, heat given if all fluid reached surface temperature in' 
length dsu
Hence he deduced the following equations s**
. a ■, s s (i » e) ....... i.io .
* # * *
In which B # p T (T & p )
(deduced by Beynolds)
Russ el t (1909# 1910, I9I5) seems to have first employed the principle 
of similarity" in the field of heat transfer in two papers# one devoted to 
forced convection In tiibes and the other to free convection in general*
In deriving the similarity relations which govern the processes of 
forced convection# Husselt (1910) used Hie differential method. The 
equation of forced convection of heat inside a tube of diameter D is . 
assumed'to he; of the form ~ '
* .  .......... 1.11
■where 0 Is. "a constant and vis: the mean velocity in "the axial direction. 
Identifying the sums of the exponents to the left and right# equation 1*11 
can be written in the form, Knu « 0 (%e)n (%r)m
If more than one geometrical dimension is necessary to describe the 
configuration# the ratios cf diameter cf the tube to the length should 
be introduced* Hence equation 1*11 can be written in the form
% *  - c < v a < V  “ l )l .......... 1.12
A liquid flowing through a tube is less viscous close to the hot
surface than in the colder core when heated from outside# whereas u^st
Hie opposite in the case when the liquid is cooled*
; i
The addition of a dimensionless group ( Us) has been proved as a 
practical means of taMng care of these counteracting effects, where p & 
and p. are the viscosities at surface and core temperature, respectively* 
This would mean an extension of equation 1*12 to the form ~
% u  = 0 (%o f  (%r )° (|J 1 CpS)3 .......... 1.13
uThe theoxy of similarity did not make use of any assumptions about the 
mechanism of the process# The following procedure has “been envisaged and 
used first by Prandtl (1910) and then, independently, by G*I. Taylor (1916)*
They assumed that in the hulk of a fluid, i.e., in the co*e of the flow, 
impulse as well as heat is exchanged by mixing movements only, and in a 
boundary layer which is in laminar motion along the wall, impulse and heat
exchange are solely due to the random movements of the molecules*
\
Considering the flow through a tube of inner radius r, they deduced the 
following equation s-
1 _/ _ _ 2  _K_ ®_b   1.34a ss ?*r i. * nm r 1 in, ■
1
where ^ » the rate of heat flow per unit length,
£ « thermal conductivity of fluid, 
v^ » the Velocity at y * b, l*e*, at the border between 
boundary layer and core of the flow,
0 ^  » the excess of the temperature t^  at y » b, over the 
surface temperature
Equation 1*34 is for the boundary layer only*
For the core of the flow the following equations was deduced :•*
a1 * ’-*r2 CD St. .......... 1.15
u v *r, dxm -vb
where © ~ %  m Q ( v ~v fc )a nd © & "V © b * 0 (
17
At".:tieir common interface, y # b, equations (1*14) end (1*15) must 
“be identical*1 9 ^
Heoos ^  . - ’ . »  -S- g -    ...1.16
this equation should hold for any Pran&tl number*
It can he mitten in the form -
IL„ >  0,0 3955 ( O *  V  - , ...... 1.17
aU ^  * + C V ^ B)(%r ^ )
The weak point in this equation is the ratio ^h * about 
which there existsextensive literature*
Taylor obtained the value of 0*56 for this ratio from Stanton and 
Parnell * s experiments for the flow in" the tubes*
Prandtl (1523) represented the ratio by »
• ?  ■ * < * . > ' *  "XX
with B « 1*74> but considered B » 1*1 to 1*2 as better* Hoffmann 
recommended the expression t
... ’v i  * w  *ai ’ * ;
and Bosch arrived at ;i* . w - '
m •
with E « 1*4 for heating, and E « 1*12 for cooling of the fluid. In j
i i
1939, von Karman deduced the following equation -
C. ss f 1    „ _
h 2 V y  .......... 1.18
. T m
where f * the friction factor,
CL * & heat convection number*h
The results of the Prandtl-Taylor surface-layer theory, with their
V ■
original assumptions for b are in agreement with experience up to
m
% r  « 2* for higher values of the Prandtl number, as occurring with most 
liquids, the theory yields much tec small values of h because it over­
simplifies the problem by the assusption that there is only a boundary 
layer in which the flow is streamlined and a core with fully developed 
turbulence*
Murphree (1932) assumed that the eddy currents, while at zero at the 
wall due to boundary conditions, increase continually from zero at the 
wall to a value which is constant for the main body of the fluid* He
t - ^
further assumed that in the region over which the eddy currents vary, and 
which he calls "film", their strength is proportional to a power function 
of the distance from the surface* He showed that the eddy viscosity 
varies with the cube of the distance from the wall. Therefore he based 
his further derivation on the assumption that the eddy viscosity varies 
through the film as the cube of the distance from the surface, end is 
constant in the main body*
» # . .
Independently of this paper von Karman ( 1 9 3 9 )  improved the Taylor- 
Prandtl theory, using the assumption that in a buffer layer between the 
laminar andturbulent region neither ^  nor € can be considered 
negligible* The concept of a buffer layer seems to go back, to Eagle and 
Feigusom ( 1 9 3 0 ) *
Von Karman deduced the following equation 5-
°h • f  . 1 ^ (g)i (M (KpP - K] *.....
where K is a constant and M is a function of Hpy alone*
/ \  » *
To determine the function M(IL. , } * K, von Karman used the representation
of Mkunedse*s experimental values. He deduced the following equation .3-
 "■■■     - - -  -   :  ■   ■ ■■■■' ' 1*20
n 1 * 5 (pi I Hpr - 1 .*u [X * | - XJJ
For small values of - I, by expansion of the logarithmic term,
f
j2
1 * 0 'CfjWfer * U
in accordance with the theory of Prandtl and Taylor, where
0 * ( I )4
\ . / .
In the previous analysis the variations of the fluid properties,
particularly the viscosity, with temperature were not considered. Boeltor,
Martiaelli and Xcnessen (1941) included the variations of Y in the theory,
considering the thickness of the laminar sublayer y^ as variable, and
introducing - ]s
*  ■ y i  »
.20
irferO' S ** shear stress ■ y
. T refers to the teEperature at y ■ » y^ * ' Fory ^  y^, the viscosity 
is supposed to have, a constant value V a ■ corresponding to the mean mixing 
teEperafere ^  * , ■ With these assumptions the authors, arrived at {-
SJ-
Pfe, )m (JW)* y *  * H  % * fop*)* (JO) - D h i ^ U z
yf* y^*
60
1*22
where 'the .subscripts 1, ' and' u refer to the temperatures t^• ta and to 
the temperature in the centre line t, respectively, is usual, %  « -
ta and #C # ■; tQ «* tg* ■
In order to find iq the authors recommended that it should be 
determined, first approximately from t—
Equation 122 contains a factor ™ -  which, occurred in. neither- the Pran&il- 
v t ■
Taylor or Von Karman^ analysis*
Tubes of rough Inner surface* "
For pipes with similar surface conditions, the friction coefficient . 
is a function of the Reynold* s nvmher and the wreXaiivettroughnessw (k), 
which is the ratio of a length characteristic of the roughness, to a length 
characteristic of the cross-section*
21
Shis universal function is not exactly known, and may depend also
upon the geometrical shape of the roughness* As the Reynolds number
increases the friction co-efficient (f) becomes independent of So and a
function only of the relative roughness* . In this region I m
1 ' * r \i *’ , Pg log ( j* is a constant*
fhen this expression. Is plotted against, the parameter { ~  ' ] it
can be seen that the Reynolds number effect ceases when | JC I }> 100
; r 4  p'
. Since the edge of the turbulent buffer layer is at *f~ I , m 30*0
r V ?
it can be deduced that whm exceeds about 3# the roughness is at its
, - 6 *  i—
maximum effect, and Be ceases to be important* Similarly, when K I
.■>the'Surface is said to be iiydraulically or lydrodynaMcally 
smooth* Sams obtained, by a method similar to that of von Karman (1934), 
the following relationship between fluid friction and the roughness for 
tubes s- ,
8 [ 2 log { 1 + 0*70|fJL*24 where vm * | Be«J f
: ilr*. ■
and where ye ■«• the apparent roughness value*
By considering the basic equations for heat transfer and friction in 
turbulent flow, and by letting the eddy diffusivity for heat be equal to 
that for momentum, the following relationship between the non-dimensional 
temperature end non-dimensional velocity at a particular point is obtaimeds- 
■ TJ"";---n* bl‘."'■ s* t^V— tlv ' ' ***♦♦•♦*•••* .1*25
22
(Subscript (l) refers to the value at the edge of the buffer layer, 
where T ' is given equal •to 26)»
x Jfc‘
Sams assumed that the difference between ii and is a simple 
function of the roughness parameter (ZfL), thus s-
«-lf% # ~  where P * constant, •
B
but * | & J k  * 2-St end D* - «/|
4* ■ • •
By experiment, Sams found that a » 0*93. and % #* 30.3* Cope’s results 
do not fit in with the Sam’s expression# A.R* Bickering (36) suggested' 
that the reason for this "is that Sam’s egression, takes no account of the
Prandtl number,' and recommended the following assumptions-* ■
#  = xV* + y . f t r  B Ee a £•£ ) p .......... 1.27
■where is;, y,- n, m, and p are constants*'
thus ** 3£ 4 y ** Be ** (®g“) ^ '*****♦*♦••* 1*28
Jixn.,y*ror |^g| ~ ^ 4* y (Ee Pr Ng) a (2S)
' For smooth tubes ye s= Q and the expression reduced to that Of'the 
" B
Reynolds analogy i**
2 St
where (a « 0.4 to 0.6).
f m xml + a (Pr - l) .... 1.29
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A*B* Pickering suggested that the heat transfer for toughened 
pipes may he calculated from the following expressions-
==!i + 0.4 (Bp - 1)1 +{ y (Re Fr J|)n (^) 1,C1 .... 1.30
where- n and; y are constants that are -not exactly known*. and may vary 
from surface to surface* The constant n ' has a value between 0*3 end 
0.8.
and conclusions*
Dimensional analysis leads to empirical expression of the type - -
****** 1. 31
m
**
or Nut or Si .<=. P [ (Re), (Rr) ]
which, because of their simplicity, have heen favoured by many workers*
Some investigations include the ratio of the fluid viscosity of loth the 
. surface temperature' and the fluid mean temperature Others allow
r ^ b''
for the effect of the length On the results of heat transfer hy including 
the aiaenslwles* gro^ §.
]By introducing the friction velocity in the Reynolds number, 
equation 1*31 can he represented in the form 5- -
M  a P £ L Z S b J s (2aJL-J 1 ..**♦****. 1.32
x |ii .
The correlation between the heat transfer and friction in turbulent 
flow may be represented by an-equation of the form I- -
2§t B h *  + °*i|- (** - w  5 + 1 7 (E® ?s^f)a > 1,0 J  1.33
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BIFEFATUKg M D  HIY’SICAL PRQPMTIBS OP FLUID 
The choice of the temperature at which the physical properties 
of the fluid 9 should he taken, has been the subject
of controversy.
In most cases, the physical properties of the fluid were evaluated 
at fluid hulk temperature. Seme investigators have taken the values of 
the physical properties at the film temperature (tf ) (jwhere t »
(t + 0.5 (% - t) ] and others,^
itean surface temperature
C36} 0 14
Sieder and Tate (  ^suggested that the dimensionsless group (   .FL ) ,
■ Vs
would include a group to evaluate the effect of the temperature, coefficient
of viscosity and temperature difference.
- (3) . ..
Arabi ;f. ) correlated the data of his experiments by using the same 
form as Sieder & Tate and emphasised the validity of this dimensionless
group £ ft hI* s
The present writer correlated the experimental data by evaluating 
the physical properties of water at water bulk temperature, film 
temperature and surface temperature, and the velocity of flow at bulk 
temperature, in all cases* According to the analysis of these three cases, 
the writer suggests that, for the temperature difference, between the 
fluid bulk temperature and the surface temperature, greater than 20 F, the 
best correlation can be obtained by using the film temperature. Although 
the modified surface and the modified film methods resulted in a good 
correlation of the heat-transfer data for each of the tubes investigated , 
neither method made possible the correlation of the data for all degrees 
of roughness* This was to be expected insomuch as no measure of surface 
roughness was included in the correlation parameters.
Ihen the friction velocity ms  introduced in place of the bulk 
velocity In the Reynolds number and the physical properties of water 
evaluated at film temperature, the heat-transfer data for all tubes 
were fairly well represented by one line on a logarithmic-scale graph.
Using the second method of correlating the heat transfer and f 
friction data, j~J L  =( l + 0.4 (Pr - 1) + KEePr ( §  )]
the writer found that evaluating the physical properties of water at 
film temperature and using the bulk velocity in the Reynolds number, 
gave the best results*
3Bie Value es? the coefficient Of heat transfer h far a length L 
Can he obtained by integrating the basic equation for a length dL. ;:
h ~ 1*34-
iaher©
b « coefficient of heat transfer,
: dQ :# ©mount of heat transferred, ■ . '
3& -er ihe heat transfer area,
dt * the temperature difference between wall and fluid bt&Jc.
&fber integration the logarithmic mean, temperature difference . 
must be usedo if the difference between the mean surface ienperatur© ■
and the mean fluid temperature along the length is mall, the
arithmetic mean may be used with little error*
Si© Other- method used in obtaining the coefficient Of heat 
.transfear b is as foUcwss
h............................... ......... . 1.35
" ^  / * *  ■
' Micro ts is the. mean surface toiperature obtained by integrating 
the temperature curve along the pipe and dividing by the effective 
heat transfer lengths.
same® »  m i  cn co»ioisif: cf h m t  E>A!iaPE&«CTacwBa«3aoJBa»««aiw<i«aaii,wtmirtiM»»i,«iiiwiii iiir.1 » i «n »naninai imin rin m;i— miw,'«ini«riim3giM>MBa»a»jna<WCT»Maaaffl»o»MBiMMee»
Sam© investigators discovered the ■effect of tube length on the 
coefficient of heat transfer- and introduced a dimensianless group
( 2 ) in their equations, M  1921i*aisko^  < investigated
theoretically- the effect of the. length of the tube end the starting 
length m  the local and average heat transfer*
He assumed Pr » 1 and deduced the following equation for the 
local heat transfer for g a 0 and g * »
h 9 *038 2Sw21 (i * ^ le""06* e0$©**® ** »Q23©*^  ) ••«••*••*••*• 1*3&
- . r-: v - ' * "   .•
inhere
2.7 'i.1 _ '■ ';,29.27' C ■ 31.96 ..
s« = ^ 4 -  I, B . ^ 1  li - a a $  L
. t ,*.* " . ■:. D ; •■■ Ee 5
He showed that the coefficient of heat transfer starts with an 
infinitely great value when jj becomes finite, then decreases rapidly* 
When the value tends to infinity, the coefficient of heat transfer tends 
to a limiting value* Vrm eq* 1*36
-«*h 9- *038.-':Z£-S**
Ee *    1*37
the value of the average coefficient of heat transfer haY for any 
g is obtained by integration, which gives
■ h ^  srh» (l #^ *067 Ee4^;4-;£(ae“— 4-'b©^ :+■ ce“?! )«***f*1«38. 
where1-
a » INIs- b as C29*27* ■ r. *.; 31*96
Per values of |* greater than 5, the f cllcwing equation may be used
t1 * • * 1’ ».* i >  .......1.3s
5-5 ■ . ' -  ^ -
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Mmm&zomL: m&T8Zs:j m  i m m m s
SOGGESESD ,Sg DUFERMIT (BSOTEfeS*
Calculations of heal transfer by eoaveciiaa are coiiplicated by 
the .large number of different variables involved (e.g. velocity,' . 
viscosity, ©to*) 1 In most applications these variables, can he 
groped together into a few *dimmsienl©ss groups* cr "dimensionless 
numbers", thus reducing the number of effective variables to be dealt 
with esperimmtally, Siis grouping is don© by dimensional analysis.
Assuming that the coefficient of heat transfer h from a tube to 
a fluid flowing In it without change of phase is a fmotion oft 
■ (a) . ' She mean velocity of flow- « V 
(h) She ttibe Inside diameter ■» D 
- -jo) Hhe cmductlvity Of the fluid ■*%.
(d) ;■' She viscosity Of' the fluids P
(e) Eh© density of the fluid » P
(f) Eh© .specific heat Of the fluid at constant pressure » 0p 
the%by applying this method at indices, h for turbulent flow is' . 
prcportienal to
*  ^HH
end by assuming that these functions ©ah be expressed as single term 
power functions'we can Trite ■
K) (VPS)11 (CP)m ;•*=? as &  A w p « « 6 »
The three dlmensicnless numbers, reading from left to ri^ it, are
' ■
known as the Biss© It, the Beyndlds and the frau&tl number s.
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Many observers hare correlated numerous e^erimental data m  
liquids and gases in normal turbulence by equation (2*1).
McAdams & Frost (1923) analysed the data of several 
investigators on. the heating of water inside tubes® ■ they tods 
a constant value of 0*329 for the thermal conductivity of water, 
ne^eoted any variation to the BraudtX number SM. and used 
the properties of the film rather than those of the main stream* 
2hey employed the arithmetic mean teEperature difference in 
calculating h* Finding an effect of the tube length they 
suggested the following equation?
there r * (length of pipe/inside diamtter) * g McAdams found that 
the data could be correlated by
iq a .023 ...... 2.3
there n * 0*4 for heating*
\% * 0*3 for cooling. ■
M s  equatlon holds down to a Reynolds nusher of 2100 for fluids 
having viscosities not more than twice that of mter* For liquids of 
high viscosity and Reynolds numbers less than 10,(XX) it gives higher 
results than those obtained by esperiment* -
Colburn^ found that the data of cooling and heating could be 
brought together with the viscosity of the fluid evaluated at the 
film temperature tf taken as equal to U + 0*5 (ts-» t) and suggested 
the following equations
4* f '  ^A. ; i
Mantis & ■Whitman ' • * , using McAdams & Frost method ■ of correlation.
(e<*q*, ■ 2*4);f deduced' the' fallowing equation far mter*
/ ■,^ -■ . /*^ .*vO*S3 ■ ■ 1 ■ ■- '■
*£? a IB*2 >«*^c where & « 0*329- ••••#•**••# 2*5
VT-; ^ -.■■■- .- yA W '  V . 1'-'i ; ■ • •'•* '■ ' ■ r
In 1931 X^wreuce<§ Sherwood v * found the following equation, for 
water,  ^ >;
f  . .C56 f r ) 0-7 S t i ” - 2.6
Pettoa & Boelier' , after studying the experimental data of
several investigators On air and water, and the data of Harris &
WtiMmn m  heating' end coding oils, deduced the' equation^' ’ ■
"  f  m
and Y  * .0265 *8 (SJp *3 foe coollag ,.,, .2.8
(36)
Sieder and late correlated the data of hoth cooling and heating 
by the following equation "
§ “ *°27 ©  ..,..,,..2.9
Inhere the properties of the fluid are evaluated at the hulk temperature,
|2
JrablVP' (195X) '.carried cut esqiertemis an .-water flowing inside 
a circular copper tube and deduced the tdSlcming equations? - 
for a tube of infinite length,
Ifo * .017S (Re)0*8 (Pr)0,4   2.1<
Eu *  .0205 (Re)*0,8 (Pr)$    2.11
and fo r X* m ^
*> . 0191 (Re)0,8 (Pr)0 A  ......................... 2.12
Ru - *0217 (Ra)°‘8     2.13
.0.34
: ' Studying the effect of length,' he proposed the following ■ 
equations?**
%  m .0178 (Re)0*8 (P*.)0*^ (1 + 2.85 f) ............ 2.14
op K.m .02Q5 (E®)0*8 (P_)^  + 2.85 r ) ... 2.15
v S
Ihese being- rulid for || > 4> ' "
Alt ll-Saie^V (1255) carried cut e^eriments m  water flowing 
.in a circular'brass pipe 61 3” long and 1 inch Internal diameter, and 
deduced the following equations* :
Par^OQO^ReL < 8 W e n a |  ^  12.
a .CX385 (R^)°*S4 (PrI,)0A [I] ■* 0,199 ............ 2.16
Par R«ji> 13000 and ~ <  lQ
% ,  • *079 (Set)0,675 fel)0*4 (|J " 0,133  ----2>17
33
;.rFcr a. infinite length.* ||> 12
! • ■-
' m  - « m t e ) 0*77
He correlated the local coefficients of heat' transfer’' cf* the ’ 
pipe entrance -with those for a pipe of infinite length and suggested 
■ the f clicking equation ' ■  ^^  1
For 3000 iB s  i  8000 and 1 -C ^  12
^
Poi? Bo? 13000 sad 3. < | <  3.2
-All fl-fSaie^ also ccndncted e^erlments m  water flowing 
through circularpipes fitted with different ferbulence^ proaoters 
and deduced the following equations for; -the arerage heat-transfer
for pitch 1 In 2*31 a&& '
1%  * 0.534; P,p 0,4 °*455   .....2.21
for pitch 1 |n 2*64 and > 500
« 0.4-39 Ejp ^ E g p     2.22
For pitch 1 in 3*& ’-300
; H ^  « 0 . 3 1 I ^ ^ R ^ ^  ':;; ;■ ..............*..-.2.23
for pitch 1 in C»445 ©33.1 H€»p>.800
; "xcpm 0.137 ^    .........2.24
V¥
For pitch 1 in §*6 and H p^> 1000
= 0.0903 °*>  Egp ° *645   ............ . . . 2 . 2 5
for pitch 1 in 14*4 and 3.200 -'
=> 0.070!. Pip  °*4 E ^  C M  . . . . . . . . . . . . . . . . . . . .  2.26
for- the esipiy tdbe and 1*000
Hug m  0.025 Pj,e O^-a, 0,77   2.27
/p\
%  introducing the effect of the pitch diameter ratio /g< cn heat 
■ transfer, All ITL~Saie deduced the following equation for ail six 
promoters .
Hqp *“ 2.4- Sjr-p0**1’   2.28
for Ee> 300
'. All SL-Sale worked out the data of Colburn & King and '.l^ rovand 
Wall m'air flowing In' circular pipes fitted with^ irallyvtwis'ted,/, 
'promoters of' different pitches,- end deduced ea equation for air - ■
H^, » 3 .4-Pip0*^Egp0*352 p /a) - ^ ^ e p  “° * V  , , . .2.29
* Finally 1*0 introduced ;the relation between the data of promoters 
and enpty tribes far; hoth water- and air and detained the following 
equation^
«0o4
1 ^  = 84.11^ ( l ^ e)0,4 ( P ^ ) ^  (P/a)"10e^  ®° *.....2-30
. Hough Tubes ■
m  1939 Cqpe^ carriea out experiments on water flowing througi 
circular tubes having different pyramid«iype roughnesses, hut did not 
deduce any equations correlating the average heat transfer and friction
(_L - l| /?+ 7TO
?2&t JJy
y^/^. 2-2.
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data* Xa 19551 A*IU Pickering w  * using Cqpefs data* deduced '■= 
an equation eorreXatiag heat tranter and friction data* via*,
f „ * , n» **° fe.O«7£3
^  *{ (1 * 0.4 (O.C553 (^ |) ' }**.2.31
Eh© graph representing' ©q 2*31 is ahovsn in Fig#2.1# St can he
■ seen that Cepe fs points f all. dose ■ to a &3n© represent3rg the above ;
eqmtion# ■ 3n this easa^y^ is taken as equal to the' mean height of 
:1he projections. '
M  I^ aiiiaLXl deduced* from consideration of .the.
momentum equation for the turbulent boundary layer, the following 
a^resslm for rou^ i'pipes; •
m , * 1* Jl - Ail  2*32
■''Where r and n are ucloaom constants* and' ^ e 7*70 ;
■ Ehis expression applies to a perfect fluid tdth'l^ a* 1#©* ■1
If the constant term ) is neglected the expression reduces to 
the form:
■31 **.'4*ir J t  y  i   2.33
; ■ ' Using this expression Pickering plotted graphs 0 and D for 
Cqpefs tube* *£* end 'respectively' (See Figs.. 2.2 and 2.3). ■
It can be seen, that points coirrespcmding to turbulent flow lie dose; 
to lines of the f cam of the above expressions*
Eldon W« Sams . ia 1952 carried out experiments an air 
flowing ia clrcniLar Jlricoriex tubes having square-threa^type rou#mess. 
Evaluating the physical properties of air at surface temperature and
36
the velocity of flow at .the average hulk temperature he deduced 
■the following equations for the average heat■ transfer' coefficients* . 
$a©oth tube |
m  .  o . 0 2 3 (  . ^ i  ) 0 , 8  / % >  »■ » *  ) ° *  ' ’ ■ „
i - A rough trhe wAn *- conventional rot^moss ratio -*• 0.025 !
; " ' :0*5S;" CLVur*. " 0*4 • ' !
|2 = 0.0070 ( .Ls->~—  ) ( ) ,. 2.35
• 3 jis %
. ,A rough tdbe; .etinveniicaial roughness ratio 0.037 '
|£ V  0.0087 )°*52( - ^ 2^ S)0*4 .......2.36
A rough tube ”CW ** conventional roughness ratio - 0*016
P  » 0.016 ( fea-®ii£)D*4  2.37
***3 P g *^ 8
Sams also evaluated the physical properties of air at film 
tenperature and Introduced a friction jfeeloeity (tt » ^ ^ )
In the Beholds number instead ef a Telocity evaluated at the . 
average tnalk: tor^ jcrature# • ‘ : Despite the Tide tariatiai;In surface • 
vou0mGESf Sams represented the-heat .transfer data* for all. rm$i 
titleshy the fcdle^ing ■eguaticnf
t o  ff, V+P' k1*0 ' :• ■ -■ -«
a -  0 * 0 4 0 '  : ■*-*#*#.*.»2*3o
j)
for -■■»— ■-"■■• >-,-600 ' ■ '
M  :;
She snsaAtm scatter for all tfee Sata is less 12iaa ~ IS percent.
[ ♦ 4 (p r - l)j
rn
JO
O
O
I
M  1955* A«E« Fidsering correlated the heat transfer and 
fric tio n  data obtained by Bams* and deduced the fellow ing equation*
^  » 1(1 + 0.4 (Pr - X) + 1.52 (igS ) (Be Pr J |  )°*32£)J.- 2.
^ litere ■; ’ * coeffiede&t offriction* .*
S$ *" Stanton number; ■ . .  " ^ 
ye a the mean height of projections : '
Baas resu lts  are shttm  In  Mg«34*--7
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Fig* 3*2 j£^&r&tus used "by Clement end
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cuAPgm m  
E m m m  jtmsTiOATXcms
A* Smooth Circular Pipes
a) ■ Data obtained xislng apparatus with no calming sections
Mary of the early, investigations did not use a calming section* ,, 
apparently because they did. not realise the possible, effect of the .. 
tube inlet on heat transfer* She average heat transfer obtained for . 
the -whole tube was, therefore, higher than, that for a tube of infinite 
length* ' la 1921 Lakho published his theoretical analysis in which 
he proved the .^^ cessiiy for the calming section* ■
Some of ..the cases before 1921’
• Stanton ixi 1887 conducted' some ezperim,ents on' water flowing 
in vertical , solid drawn copper pipes having inside diameter of 0*736# 
1.070 and 1*390 Cm and i/D values Of 62*5, 41*6 and 33*3 respectively* 
His apparatus is Shown- In Big* 3*1* the presence of super turbulence 
is obvious*
In’ 1909 Clement and Garland carried out e^ cperiments on water 
flowing in a horizontal steel pipe of 0*935 Inch inside diameter and 
I/S i 79*25 which, was heated by' steam at-different teraporatures* She 
apparatus ."used is shown in Big*' 3*2# " The tube temperature, in' seme 
of the runs,' was higher than the saturation point of Water and local 
boiling was, therefore, present* The super' turbulmee was also, 
present*.
Fig. 3*3 Apparatus used by Morris and Whitman.
Fit;. 1.— Diagram oj Apparatu**
IN LET THERMOCOUPLE
E X IT  THERMOCOUPLE
TO TOTAL HEAD 
W ATER-GAUGE OUTLET WATER TO WEIGHING TANK
a n
MERCURY 'THHraUfelfe*£ft 
AND COLO AU*C T <1*« 
THERMOCOUPLES
TO TRANSFORMER .
Fig- 3*4 Apparatus use& by Eagle and Ferguses,
b) ' Data obtained using apparatus with calming sections
In 1928# Morris and Whitman carried oat experiments m  water 
and oils flowing in a steel pipe of 0*62 inch inside diameter and an 
I/D value of about 195* An unheated length of 1 foot m s  left cn 
both sides of the heated sections, Steam at atmospheric pressure m s  
used for heating and, in the case of the oils, cooling experiments 
•were carried out with water as the cooling medium* Mo correction was 
made for the heat conduction to the unheated ends* (See Big* 3*5)
£i*y
3h 1930, Eagle and Ferguson * carried out experiments on water 
which was heated in four brass tubes of inside diameters from 0*32 to 
1*4 inches* Each tube was 15 feet long but only 6 feet near the outlet 
end were heated by passing a low-tension current through the metal 
itself*
Only two themocouples were used to measure the wall temperature* 
The thermocouples were placed at 13*5 inches from the beginning and end 
of the heated section* Mo allowance was made for the heat conduction 
to the unheated parts* The apparatus is shown in Fig* 3*4*
In 1935, Jorgensen and Montillon cartied out experiments on water 
heated by steam at atmospheric pressure in a copper pipe of 1*062 inch 
inside diameter and 6 feet long* Only 5 feet of the pipe were 
heated and 6 inches were left unheated at both ends* A calming 
section made of a baielite tube inches long (i/D « 43) was used*
The water and wall temperatures were measured by means of copper-con- 
stanian thermocouples* The observers did not introduce any correction 
for the 6 inches of unheated pipe*
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?ig. 3.6 Boelter, toung aofl Ivarsen Results fop Itanaal Turbuleuoe.
■
mc) Data obtained using the local heat transfer method
In 1943 the local heat transfer method m s  used to investigate 
the problem of heat transfer to air flowing in a tube, Boelter,
Toung and Jversen ^  used a double steam Jacket on a steel tube ©f 
1.875 Inch inside diameter and %  inches length. The steam space 
was divided into 19 sections from which condensate could he collected 
separately. pie amount of condensate, collected from each section, 
corrected for no-load losses, was used to determine the heat transfer* 
Different inlet conditions were used and, for normal turbulence, a 
calming pipe of l/D ss 11,2 was used, Pie apparatus is shown in Big. 
3*5* end the results obtained for normal turbulence are shown in Fig.
3*6* ’ ' ■ '■ ‘
2h 1951. ArablN ■ carried out experiments on water flowing inside 
a circular copper tube of finch inside diameter and 30*25 inch heated 
length (l/D « 40.4)* The experimental tube was electrically heated 
and was insulated at both ends by means of insulating pieces made of 
tufnol. A calming section 33*5 inches long was used. The tube wall 
temperature was measured by means of 12 copper-constantan thermocouples. 
The water temperature at inlet was measured by means of a single: 
copper-constantan thermocouple. ; The tenperature of the water at any 
section was calculated from the heat input and water mass flow. The 
pressure drop over the experimental length was measured by means of a 
U-shaped differential water gauge. Arabi determined the average heat 
transfer for l/D = 4,8,16,27 and }6 and a tube of infinite length.
In 1955 Ali El-Saie^ carried out experiments on water flowing
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inside a circular brass pipe of X inch inside diameter# The 
arrangement of his apparatus was 'similar to that used “by Arab!# '" He 
determined the average and local heat transfer coefficients for He 
valves up to 47 #000.
B Turbulence Promoters
la 1931# Colburn King ^  carried out experiments on the effect 
of turbiilence-promoters on both heat transfer and pressure drop from 
air to water*" The apparatus consisted of steel tube (3 ft* long 2§ inch 
dia) cooled by water in a copper coil made from J inch inside diameter 
tube soldered around the steel tube* The air was supplied by a 
blower' and heated by electric coils' in a furnace* ' The air wan metered 
by a sharp-edged orifice and well-mixed in a special chamber before 
entering the tube (Fig, 3.7)* The temperatures of the air were recorded 
by means of thermocouples and the temperatures of the cooling water 
were measured with a mercury thermometer* The pressure drop was 
measured by means of an inclined draft gauge# The baffles used in these 
experiments are shown in Fig, 3*7 and the results obtained are shown in
m g f  3 . a.  ■ ? .
Evans and Sar^ant ’^^carried out experiments on the effect of 
induced turbulence on the heat transfer and pressure drop fro® non- 
lumimous gasses flowing in a tube 8ft* long, 2|inches inside diameter,
3 inches outside diameter and surrounded by a spi&ally^wcnmd copper tube 
of rectangular cross-section,' serving as a'water calorimeter*: The '
distribution of the temperature along the calorimeter was recorded by 
means of thermocouples positions in the water stream and along the
Ml
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t> M*i £|iC» 
Ul*Vl >0 p*!I U) )VMM >' ;•*: in >
Fig. 5. - ( 'a im in g  **>th>n.
FIG 3*9 • APPARATUS USED BT EVANS & SARJAKT.
o:iv
_u
0 0 .’
001
505 TWQ06" I :»0 1.'*W ^ >00 i.:oo
Fig. 9.— (a) V aria tio ns o f J />, </>) varia tions o f  hr . w ith  d iffe ren t 
rates o f  f lo w  fo r  the tube w ith and w ithout a  p ro m o ter.
A . P itch 1 in 7. B. 1 in 9. C. I in 12. D . 1 in 14.
FIG. 3 '/O RESULTS OBTAINED BT EVANS & SARJANT.
{surface of the calorimeter. She air m s  heated up to 90®°F 1*7 means 
Of a 13-&w electric heater and recirculated by a fan* The air 
temperature m s  determined frcmi: the: observations of 'distritJuticsn of , . 
temperature and velocity across the tube' diameter at successive semes 
of measurement*
Super turbulence was produced- by inserting spiral promoters,
S/32 inch thick, inches wide and made from twisted steel strips.
7 ft* long and having pitches of 1 in ?t 1 9, 1 in 12 and 1 in 34* .
The ©aiming section consisted of, a series of,mild-steel gauges (mesh 
,50 per inch ) and a tube 25 ft* long and 5 inches 0,D*- ' .The - 
'apparatus nhod is,shorn in Fig* 3*f and the results obtained in WXg* 
3*10, - .
Hagaolca" and Watanabo carried out work to-study the effect 
of certain types of turbulence promoters on heat transfer to water 
flowing inside a’horizontal copper tube 1?00 xnia* (5*59 ft*) long,
26*9 xnin* (1*06 inch ) inside diameter, and 31*3 min. (1*25 inch) ■ - 
Outside diameter* ‘ A pipe 1000 mia* (3*28 ft*) 'long, was used
for a/-©aiming -'-section* - Water from the main supply was passed through 
the .inner -copper tube and the heating medium was an oil, heated 
electrically and circulated by a pump* - Ouide-vanes and spiral' wires 
were used'as promoters* - The .outer diameter of the promoters. were 
nearly, equal, to -the -inside diameter of the water tube* : The spiral 
wires were placed along the whole length of the heat exchanging part, 
while in the case -of the guide-vanes, the promoter was' placed.-at the 
inlet* The tube wall temperatures and the inlet and outlet water
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temperatures were measured by t per-ccnstantan themocouples.
The' water discharge was weighed and the loss of water head in the tube 
was measured by means of an inverted manometer*. . She velocity of .flew 
varied between 0*2 Vseo (0,656 ft/sec) and 1 s/sec (3#28 ft/sec).
She apparatus used is shown in Fig, 3*11 and the results in Fig, 3-12*
In 1^51 All El-Sai© carried out experiments on water flowing
through electrically heated brass pipes fitted with five different
promoters having pitches of 13^2*64, JLdn5*6*: 1 5*6S : ^
1 in ■
Each promoter was made from a flat brass rolled strip 1 inch wide 
and 0,0i}8 inch thick. Each strip m s  twisted regularly according to 
the pitch repaired, She pip© was 50 inches long, 1 inch i*&. , ij inch
o.d. and the heated section was 1*4 inches long. The temperatures ©f 
the pipe wall and of the inlet and outlet water, were, recorded by 
means of glass-covered copper-constantan thermocouples, . The velocity 
of flow was measured by m m m  of a velocity gauge. The object of 
these experiments was to study the average and local coefficients of 
heat transfer from the pipe to water. The velocity of flow varied 
between 0,16 f i / s m  and 7*0 ft/sec, . The apparatus used is shorn in .
The available literature on heat transfer from a rough pipe to a 
moving fluid is extremely limited,. : ■
convection heat transfer from water flowing through an artificially
Fig. 3.13*
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roughened pipe* to the pipe m ill., Eire© pipes were tested, th e ir  
in tern a l lurfaces having a series o f pyramids geom etrically sim ilar 
in  form hut varying in  absolute size from p ip e ' to pipe. The 
roughness ra tio s  (radius o f pipe/helght o f pyramid) were approximately' 
B / l9 V5/% and J .f/1 . . - The apparatus was set up w ith the te s t pipe 
v e rtic a l end was arranged as a closed c irc u it. The f ir s t  to ta l head 
tube was $0 diameters from the in le t and the working section 100 
diameters long; each pipe had a here o f §  inch. The in le t and ou tlet 
water temperatures, pipe w all temperature, and the rate  ©f flow  were 
■ recorded* Oqpe p lo tted  his heat transfer data in  the form Husself 
number / Stanton number against Pdclet number. The graphs representing 
th is  re la tio n  nre sham in  F ig . 3*14 snd H g . 3*15* In  the Peclet 
number in  F ig . 3*15 Cope introduced fric tio n  velocity  instead o f mean 
ve lo c ity . H g *.3.15 shorn that a t the highest rates o f flow  the rough, 
pipes have about the same co effic ien t as a smooth pipe* At lower 
ra tes , pipes A and B show a considerable increase, and G a s lig h t 
decrease, on the smooth pipe values obtained in  1937* In  the lower 
end o f the range, the heat transmission coeffic ien ts o f the. three pipes 
are in  the same order as th e ir re la tiv e  roughnesses, hut the behaviour 
o f pipe 0 is  ancssalous. The agreement between the' three sets o f 
results' is  considerably improved i f  the Peciat number is  formed’w ith  
fr ic tio n  ve lo c ity  instead o f mean ve lo c ity ; the e ffe c t is  shown in  F ig . 
3*15* Cop© calculated the performance ratios o f the three rough pipes 
and the smooth pipe previously tested* The results are shown in  F ig . 
3.16. " The performance ra tio  is  one measure o f the effic iency o f the 
pipe as a heat transm itting agent; i t  is  defined as the ra tio  o f the 
horsepower transmitted as heat to  the horse-power expanded in  forcing
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the fluid through that length.of pipe* The performance ratio Is a 
cjuaMitywhose value paries from about a million at a low Reynolds 
number to several hundred at the high Reynoldsnumbers* Its
^  $s th®
pyramid height In pipe A, and £s is the equivalent sand roughness, 
are much more slowly Varying quantities! they are plotted in Fig.3*l& 
against the Reynolds number* This method of plotting gives, in effect, 
the amount Of heat that each of the three pipes would transmit for the 
expenditure of a given horee-power, the heat transmitted by a smooth 
pip© "being taken as unity. This method of comparison brings out th© 
superior efficiency of th© smooth pipe, particularly at high rates of 
flOW*
In 1952, Eldon ¥/. Sams conducted an investigation of forced 
convection heat transfer and associated pressure drops with ©Jr, flow­
ing through electrically heated Inconel tubes having various degrees 
of square -thread -type roughness, an inside diameter of i inch, and a 
length of 24 inches* Data was obtained for tubes having conventional 
roughness ratios (height of threapradiu3 of tube) of 0 (smooth tube) 
C.C16, 0.025, and 0.037 over ranges of bulk Reynolds number up to 
350,000, average insi&e~tube-wall temperatures up to 1950°R, and heat 
flux densifies up to 115,000 B»$h.tJ per hour per square foot* Tho. 
friction data obtained in Sams1 experiments are represented In a 
paragraph called "Friction” (See page S’/) A schematic diagram of the 
test section and related components of the air and electrical system 
used in Sams’s investigation is shorn in Fig* 3*17« Compressed: air 
was sux^ plied to the inlet tank through a, pressure-regulating valve, a
absolute value is not given* The ratios etc, whose
46
filter and two A#S*M,E*-type flat-pl&te orifices connected in series*
SVom the inlet tank, air passed through the inlet extension, the test 
section, and the mixing tank, and was then discharged to atmosphere#
She inlet tank, mixing tank, and tank extensions supporting the test 
section were thermally insulated*
The temperature of the air entering the test section was 
measured by two parallel-connected cbromei-alumel thermocouples located 
in the inlet tank# The temperature of the air leaving the test section 
was measured in the same, manner immediately downstream of the mixing baffles* 
The test section consisted of an Inconel tube having an outside 
diameter of 0*68 inch and a wall thickness of about 0*090 inch# The 
tube was heated electrically from a 280-volt, 60-cycle line, through 
two saturable reactors and a power transformer* The Inlet and exit 
extensions had lengths of 6 and 3 inches respectively, thus providing a 
12- diameter approach to the test section#
External heat losses were reduced by jacketing the test sections 
with three consecutive radiation shields with the annular spaces between 
the shields filled with insulating sand*
Three static-pressure taps, located 120° apart around the 
extension flanges, were provided at each end of the test section* Outside 
tube-wall temperatures were measured by use of 12 chrcmel-alumel thermo­
couples peened to the test-section wall, with one additional thermo­
couple imbedded in each of the test-section tube flanges*
The inside diameter for a rough tube was calculated by taking 
the average of the thread-flat (minimum tube) diameter and the thread 
root (maximum tap) diameter* Sams also calculated the inner diameter
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(b ) Data fo r  rough tube A. Conventional roughness r a t i o ,  e / r ,  0 .0 2 5 .
F ig u re 3»  1 9 Concluded. Conventional c o r re la t io n  o f  h e a t- tra n s fe r  d a ta . P h ys ica l p ro p e rtie s  o f  a i r  eva luated
a t bu lk  tem perature Tb.
hi
using the equation
D j= j volume of tube A and found that the value of
y l %
diameter obtained in both cases differed by less than J per cent*.
The average inside-tube-wall temperature m s  taken as being the 
average outside~tube**wall temperature, obtained from interprated axial- 
temperature-distribution curves of measured local outside-tube-wall 
temperature (area under the curve divided by the effective heai-transfer 
length), minus the t emperatnre ■ drop through the tube-mil (assuming the 
heat flow to- be radially Inwards)*
She average heat-transfer coefficient (h) m s  computed from the 
experimental data by the relation
h » fjOp, O k J D  ***.*.*****.*1.1
*s
where the air bulk temperature Is m s  taken as the average of the tube 
inlet air and exit air total temperature Ti and T£, respectively* The 
heat transfer area (S) was based on the inside tube .diameter .as obtained
kv eouation A » 1 (volume of tube) A
.  ^ 3  . -
The average heat transfer coefficients obtained for smooth tubes are 
presented in the conventional manner in Fig 3*18* The physical properties 
of air were evaluated at the air bulk temperature* ' Fig 3*18 also shows the . 
effect of the surfac » to bulk temperature ratio (OB./lb )*
The data for rough tube "Aw obtained at the sane temperature levels and 
plotted in the same manner as for the smooth tube (Fig* 3*18) are shown in 
Fig. 3*19* The graphs in Fig. 3*19 show that increase in roughness results 
in m  increase in slope of the data lines, the slope increasing from 0*80 
for the smooth tube to 0*90 for rough tube "A", and also results in an increase,
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Figure ft Ml Correlation of heat-transfer data with m o d ifie d  f i t e  Reynolds number and f r i c t i o n  v e lo c i t y ^  y  
Phys^'lT^roperties o f air evaluated at average f i lm  temperature T f .  D ata  f o r  all tubes and tem­
perature levels investigated.
Erasure of overall surface roughness'^  is the Reynolds number
P V<r D I #
employing friction velocity —“jf"* where % is given by 7j 2
The same method of correlating the heat transfer data for all 
degrees of roughness was used by Cope* Average heat transfer 
coefficients, for all the tubes investigated, are plotted in 
Mg* 3.21, using the friction velocity in the Reynolds number 
instead of the mean velocity, and evaluating the air parameters 
at film temperature* Despite the wide variation in surface 
roughness represented herein, the heat transfer data for all 
tubes can be represented by a single line and the maximum 
scatter is less that + 15 per cent*
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Since there is a certain relation between the heat transfer 
and friction, the present writer considers that a short survey of the 
friction data is necessary#
Investigations of fluid flow in pipes have been concerned 
with the development of general formulae, and, more recently, with 
studies into the effect of artificial roughness on the friction factor# 
The results arrived at also contribute to the extension of our funda­
mental knowledge of turbulent flow in general# In the evaluation of 
formulae dealing with the flow of fluid in pipes, the findings of Hagen, 
Poisenille, B’lrcy, Reynolds, and Bl&sins are especially significant*
In 1839 Hagen observed that there were two different types of 
fluid flow through pipes, now commonly designated stream-line and turbu­
lent flow# Thirty years later he stated that the point at which trans­
fer from one form of flow to the other occurred depended on the radius, 
the velocity and the temperature of the water*
In 1857 £*lrcy conducted experiments on the flow of water 
in cast-iron pipes with diameters ranging from 0*5 to 20 inches, and 
obtained, the following formulas; t
h^ ts flv*“ •*•••*,«*• 3*3
2gD
In 1S43, Poiseuille carried out experiments on water flowing 
through capillary tubes and deduced the following law for stream-line 
flow, known as Poisenille * s law?
ao
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Fig® 3*22* Fricticmal resistance ia a gnooth pipe® Curve (X) 
after Bagon-Poiseui&e for laminar flow? curve (2) 
■ after Blasius for turbulent flmi carve (3) after 
Erandtl for tusfeidesat flow. /
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Fig* 3*23® Universal law of friction for smooth, pipe® 
Curve (1) Brandtl, Curve (2) Blasius®
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Refolds* studying Stokes* equations of motion* conceived the idea 
that a criterion to determine whether flow would he stream-line or
. r
turbulent might be expressed in the form
a  *= ■
3jx 1883 lie confirmed his theory experimentally and concluded 
that the value , at which the change from one flow form to the other 
■ takes place is modified more or less ty conditions at the inlet of the 
pipe* by roughness etc* . ' He suggested that a reasonable mean, value to 
accept as the transition point between stream-line and turbulent flow 
is R ~ 2100*
In 1911* H» Biasius made a critical survey of the then existing 
and already numerous experimental results and arranged them in dimension- 
less form in accordance with Reynolds* law of similarity* Be established 
the empirical equation 5.
f = 0«0790 (R) —  0,25 ri 3.4
which is valid for the frictional resistance of smooth pipes of 
circular cross-section and which, is known as the Biasius formula* 
According to this formula the dimensionless coefficient of friction in 
a pipe is & function of the Reynolds number only*
later experiments on smooth pipes show that the Biasius 
formula does not fit the data for Reynolds numbers greater than 
100,000* At the time when Biasius established this formula, measure­
ments for higher Reynolds numbers were not available*., '* In Figs* 3*22./ 
and 3*23r the Biasius formula is seen to agree very accurately with 
experimental results for Reynolds numbers up to 100,000* However, 
experimental points obtained at Re>100,000 deviate considerably upwards 
from the Biasius line (shown dotted)*
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Nikuradse carried out a very thorough experimental 
, investigation into the law of friction for 4 X 10?^ . Ee ^ 3*2 X 10^, 
and obtained the relation in the form
f * 0*0032 + 0.221E ~ °*327    5*$
Brew, Koo, and McAdams obtained the formula
f * 0.0056 + 0.50QE * °*3a *„.m m * 5*6
from a study of all available experimental data on smooth pipes.
Most pipes used in engineering cannot be regarded as being 
hydraulically smooth9 at least at higher Reynolds numbers* Hie resistance 
to flow offered by rough walls is larger than that implied by the pre--. 
ceding equations for smooth pipes* Consequently the laws of friction 
in rough pipes are of great practical importance and experimental work 
On them began very early* Hie number of parameters describing rough­
ness is • extraordinarily, large owing to the. great diversity of geometric 
forms# If we consider for example a wall with identical protrusions we 
must come to the conclusion that its drag depends on their number per 
unit area, their shape and height, and finally, on the way in which they 
are distributed over its surface*
Since- about 1920, Shiller,^^ Hopf,^"^ and Hikuradse
have experimented with artificially, roughened pipes to determine whether 
roughness follows the law of similitude# In order to have similitude, 
the characteristic dimension of the roughness elements in pipes must be in 
the same ratio as the radii, i*et if nen is the measure of absolute rough­
ness end r is the radius of the pipe, the ratio of e , is a constant*
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As there is  at present no method fo r measuring or defining roughness* 
the symbol* e , is  hypothetical*
S h ille r experimented w ith a r t if ic ia lly  roughened pipe of three
sisesf 8 mm** 16 mm** and 21 sm** inside diameter* The roughness con*#
sists of sp iral threads cut in to  the inner surface* Two arrangements
©f threads are u tilis e d * In  one* the p itch  was 0*8 mm.* and the depth*
0*6 mm* * and in  the other* the p itch  was 0*4 anu* and the depth* 0.3 mm* 
( l7)Xj* Hqpf ■ made a comprehensive review of the numerous 
e a rlie r experimental resu lts and found two types of roughness associated 
w ith d ifferen t formulae fo r fric tio n a l resistance* The f ir s t  kind of 
roughness eauses a resistance which is  proportional to the square of 
ve lo c ity | th is  means that the co effic ien t of fric tio n  is  independent 
of the Reynolds number and corresponds to re la tiv e ly  coarse and 
closely spaced roughness elements* Hopf stated that the number 
specifying the roughness appeared to  require several dimensionless 
quantities to  specify completely its  size* shape and d is trib u tio n .
The second kind o f resistance formula when the protrusions
are more gentle or when a small number of them is  d istributed ' Over a
re la tiv e ly  large area* the co effic ien t of fr ic tio n  depends both on the
Reynolds number and the relative roughness*
f l6 y
iC* TTomm’ s .'investigations of re la tiv e  roughness were ■ 
carried out shortly a fte r those of 'Hqpf and w ith the same experimental 
equipment. Tbr each type of the roughness tested* several Values o f 
the hydraulic radius were used* For those cases in  which f  becomes 
constant fo r larger values of R* the e ffe c t of the change of hydraulic 
radius may be expressed by the formula*
100K
ta«
507252126
30.6
tot
Fig* 3,2if Resistance formula fa* raagx pipes.
Curve (1) XaKdnarf curve (2) tebi&ent, moothj 
curve (3; turbulent, gagoEfcu
f st (constant) •••««•••*• 3*7
The constant depends on the absolute roughness, e* of the surface* .
(28)1* Mkuradse' * carried out extensive measurements on rough 
pipes covered on the inside as tightly as possible with sand of a 
definite grain size glued on to the wall* By choosing pipes of varying 
diameters and by changing the size of grains, he Was able to vary the
relative roughness 5 from about 1/300 to 1/13* 3* Hikuradse1 s resultsw '
are shown in fig* 3*24* can be seen that in the laminar region all
rough pipes have the same resistance as smooth pipe* The critical
Beynolds number is equally independent of roughness* and in the turbulent
region there is a range of Beynolds numbers over Tifhich pipes of a given
relative roughness* behave in the same way as smooth pipes and in the
Same range the coefficient of friction (f) depends on Beynolds number
alone* At a definite Beynolds number whose magnitude increases as e
decreases* the resistance curve for a rough pipe deviates from that
for a smooth pipe and reaches the region of the quatratic resistance law at
some higher Value of Beynolds number* where f depends on e only*
r
fhe resistance to flow is nearly all due to the form drag* For 
this reason the law of resistance becomes quatratic* For the region 
f a const** Bikura&se gives the formula
f i *♦*,*«****/ 3*3
o<n jr
In 1935 T*l* Streckerv^ * conducted experiments on a 2 inch
l.d and 10 ft* long brass pipe of seven different sizes of roughness 
obtained by cutting grooves with various dimensions* Buns were made at 
different temperatures of water varying from 55°F to lff°F* He came to
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the conclusion that the shape c f roughness elements and th e ir d istrib u tion  
is  quite as important as the dimension rfe”. Mien he compared his results  
to those of Nikura&se, Strecker found that the diameters of sand grains 
used by the former were larger than the depth of the grooves* Strecker 
concluded that fric tio n  depended on the density of roughness elements* 
th e ir shape and disposition* Mien the elements are closely packed* the 
fric tio n  facto r Is  not large and Strecker suggested that is  due to  the 
fa c t th at the flu id  was prevented from flowing in to  the grooves between 
elements* The rough surface produces disturbances which spread through­
out a large part of the flowing flu id * The disturbance depends on the 
shape o f the groove in  the follow ing manner*
%© w h irl or vortex formed has a diameter of the same order of 
magnitude as the depth of the groove* but the size and shape of the 
grooves determines when the vortex w ill pass Out in to  the main flow  and 
dissipate its  energy* As the roughness becomes greater the disturbances 
increase in  magnitude w ith a r  esulting increase in  energy dissipation; 
the la tte r  being measured as a large fric tio n  drag*
She drag depends also on the d irection  of flow  w ith respect
(?)to projection* in 1937 Cope carried out experiments to determine 
simultaneously the friction and heat transmission coefficients of metal 
pipes of various cross-sections* One of these pipes was artificially 
roughened* In 1939* as a continuation of the experiments described 
before* W.F. Cope ^^carried out experiments on water flowing through 
artificially roughened pipes* Three pipes were tested* their internal 
surfaces being roughned by a special knurling process which produced a 
series of pyramids geometrically similar in form but varying in absolute
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size from pipe to pipe* The roughness ratios (radius of pip© / height 
of pyramid) were approximately 8/1* 15/1* and 45/1* The Reynolds number 
ranged from 2, OCX) to 60*000* The apparatus is set up with the test pipe 
vertical and 'is arranged in. a closed, circuit * .All the tests were made 
under cooling conditions* that, is* the pipe wallwas colder than the body 
of the fluid* - h^e curve connecting^  f and R is plotted as Fig* 3*25. 
with on© important; exception, the: results are approximately what ,would 
have been predicted from a knowledge of Hikuradse*s experiments. ., The 
most interesting feature is the remarkable difference in the behaviour 
of pipe ttC” in the' transition region*. In the isothermal tests its . 
behaviour is normal* that is to <Say, if follows th© smooth-pipe curve 
up to R t* 8*000, and then breaks away* following thereafter the appropriate 
square-law line* In the heat .transmission, tests it follows a very 
different type of curvej it lies below the saooth-pipe line before the 
"breakaway*1 crosses it at this point, and thereafter behaves normally*
Cope, plotted roughness function (F « § (4 log (3*7 *r) ** f 2)© :
©gainst roughness characteristic, Rv - PFe and obtained the following
equation* 2i logRV m 1*Q33~R* The grapli^ representing this equation is
shown in Pig. 3«*26. . lie also plotted the roughness function (?) against.
roughness characteristic - {£$) introducing .in the latter the.- equivalent
sand roughness (B ) instead of height, of pyramid (l)* .The graph , s
representing this relation is shown in Hg.3*27* He found that for 
his kind of roughness* the equivalent sand values £ s are 0*284* 0*148 
and 0*032 cm* respectivelyf This is about twice the height of the 
pyramids* Pop© did not carry out experiments m  a. smooth pipe of the 
same bore as the rough pipes and in the same conditions* and therefore*
F r ic t io n  c o e f f ic ie n t   2 ,  T -
H
e*
is§
p  p
*9 H-
57
the obtained friction coefficients for rough pipes cannot be compared
with the friction coefficients of a smooth pipe*
(33)In 1952, Eldon W. Sams carried out experiments on 
air flowing through circular tubes having square-thread-type roughness, 
an inside diameter of J- inch, and a length of 24 inches# Data were 
obtained for rough tubes having conventional roughness ratios (height 
Of thread/radius of tube) of 0 (smooth tube), 0.016, 0.025 and 0*057 
over ranges of bulk Reynolds numbers up to 350,000#
The isothermal friction data for the rough tubes, when plotted 
in the conventional manner resulted in curves similar to those obtained 
by other investigators, that is, the curve for a given roughness breaks 
away from the Biasius line (representing turbulent flow in smooth tubes)- 
at some Value of Reynolds number, which decreases with increase in 
surface roughness, and then becomes a horizontal line (friction 
coefficient independent of Reynolds number ** see fig* 3*28)
Sams concluded that the Conventional roughness ratio is not 
an adequate measure of relative roughness for tubes having a square- 
thread-type element. It is noteworthy, then, that the constant value 
of friction coefficient for tube A (ilg 3*28) is higher than that for 
tube B, since tube B has a higher value of conventional roughness ratio 
than tub© A*
In the region of incfeplete turbulence^  the conventional 
roughness, may be expected to be influential inas much as the effect 
of projection depends on its height relative to the height of the laminar 
boundary layer* Hence, the incomplete turbulence region may be expected
to  p revail over a decreasing Reynolds number range as the conventional 
roughness ra tio  increases* Bor example, tube C shows Incomplete 
turbulence over a Reynolds number rang© from 3,000 to  about 100,000$ 
tube A, from 3,000 to  about 40,000; and tube B, from 3,000 to  about 
25,000* la  the laminar region (R 2,000) the e ffe c t o f surface 
roughness is  negligib le and the fric tio n  coeffic ien t fo r a ll rough 
pipes is  in  good agreement w ith the laminar flow  lin e  fa r  smooth pipes* 
Sams examined the influence of the physical dimension of the square-' 
thread on th© fr ic tio n  coeffic ien t* %  p lo ttin g  the ra tio  of thread 
space (distance between threads) to thread width ^  against fric tio n  
coeffic ien t he obtained the follow ing equation;
S * c  (s ) 0 .8  3.9
: ; (W) .■ ■■.-
Ey plotting the ratio of thread height to thread width (e) against
W
the fra c tio n  coeffic ien t he obtained an equations
■ 1,70 . 3.10
M  .
The S and e effects were than combined ..into an equation o f - the form* ■
w w -
. V - . - W ^ W 147- ***** 3.11; c (w) : ■ (w) ' ■
I^ r p lo ttin g  the valises o f C against modified film  Reynolds number Sams 
obtained a horizontal lin g  o f the follow ing equation
;&)1,7 *..«V '3.12'
,w) .
M s  equation permits estimation of the friction coefficient in the 
complete turbulence region*
fo « 0.0068 °*80
!
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Fig. 3*29* Auxiliary diagram for the 
evaluation of equivalent 
relative sand roughness for 
canmercial pipe© after Hoo%
(a) ' riveted steel
■ (b) reinforced concrete 
• (e) wood ■'
(d) ■ cast iron
(e) galvanised steel
w  bitmm-coated steel
(g) structural and forged steel
(b) ■ draw& pipe© ■
.. 4 -
100k
Fig. 3®30.':, Eesistaace of ccciaercial rough pipes after Moody. teB « ©quivaleat 
sand roughness to be determined in particular cases from, the 
auxiliary graph in Fig. 3*29* 5he broken line indicates the 
boundary of the completely rough regime inhere Hie quadratio' law 
of friction applies.
■ mictich data m m  bekt m m r im
Data obtained for lower surface temperature show fair agreement 
with those for no heat addition* With an increase in Tg/^h, the friction 
coefficients progressively decrease at the higher Beynolds numbers and 
increase at the lower Beynolds numbers*.
The data for rough tubes A* B s and 0* when plotted in this 
manner* resulted in a Ts/fb effect similar to that obtained for the 
smooth tube *
Sams introduced modified film friction coefficients by 
evaluating the air density and the viscosity in Reynolds number at the 
film temperature*
OffiHER TSH5 OF ROOGHHESS
In many practical applications the roughness density of the
walls is considerably smaller than J * Nikuradse * s sand roughness, and such
roughness can no longer be described by the indication of the height of a
protrusion* e, or b yth e re la tiv e  measure e only* I t  Is  convenient to
r
arrange such roughness on a scale of standard roughness and to adopt 
Hikuradse*s sand roughness for correlation because it has been investigated 
in a very large range of values of R and e * She difficulty in applying
r
the above calculations to practical cases lies in the fact-.that the value
V
of roughness to be ascribed to a given pipe is not known# , Tory extensive 
experimental results on the resistance of commercially rough pipes are 
contained in a paper byL*F* Moody# fig 3*30 shows that the graph of
■ TTg
against R@ for different Values of is in essence identical with
J* Mkuradse * s diagram in Mg* 3*24* The individual values of equivalent
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Fsrelative sard roughness . can be obtained from the aindliary graph . 
in' Fig* 3*29 where pipes are seen to have been arranged in the order 
of values on lfihuradse*'s equivalent sand roughness scale* The transition 
from hydrsulxeally smooth conditions to complete. roughness at large 
Reynolds numbers occurs much more gradually in such commercial pipes 
than inFikuradse’s artificially roughened ones* , It is sometimes 
impossible to-fit commercially rough-surfaces satisfactorily ..into the 
scale of sard roughness*': -
sources of m m  bt wmmrTmmMm. beat transfer
Tdien the work of previous investigators m s  referred tof many 
cases were found to be suffering from one or enotheriof the following 
sources of errors*
1# Super turbulence
.2* End conduction
3* Inlet end thermal effect
4* Local boiling*
For normal-turbulence investigations* no super turbulence 
should be present as the coefficient of heat transfer for super 
turbulence is greater than for normal turbulence* The heat transfer 
section has to be free from the effect of turbulence promoters such as 
Valvesf sudden changes of section or bends*
To assure that any super turbulence present may die out before 
it enters the heat transfer section* an inlet calming pipe has to be used*
2* : End condution*
ly introducing an inlet calming pipe it is ensured that the heat 
will flow through the metal of the pipe to the unheated calming section*
This means that the effective heat transfer length of the heated section 
will be a little greater* The results obtained will be higher than those 
for normal turbulence unless a correction for the heat conduction Is applied 
Mother error is introduced if there is an unheated length on the 
outlet side*
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3* Inlet fed thermal Effect#
To eliminate end conduction the heat transfer section has 
to he thermally separated at both ends* Bits can he done bgr connection 
pieces made of a had heat conducting material* The hore ©f the connection 
pieces must he the same as that of the pipes*
4# ' ' ■ local boiling* :n v i im i ; *  iMMinimi w i i ffTiiiX in nmi run iilwifu ■ u
' local hoiling occurs where a liquid is being heated In a pipe the 
inside wall temperature of which is higher than the boiling point hut is 
not receiving sufficient heat to cause hoiling* .
When the local hoiling occurs the coefficient of heat transfer 
increases* . At la? velocities of flew local hoiling can ’take place before 
the wall tes^eraiure is equal to the saturation temperature* . At high 
velocities the wall temperature can exceed the saturation point without 
local hoiling taldng place*
■ • To.show the effect of. local hoiling on the coefficient of heat 
(3)
transfer* Arab! . ; recalculated the data of Clement .and Garland on water 
(the inside wall temperature m s  as high as 234°^ * in. some runs)* and Lawrence 
and Sherwood* also on water* . .(The inside wall temperature was as high as '■ 
217°f in some- runs*)
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CHAPTER t
The apparatus used by the author was designed for simultaneous 
determination of the hydraulic losses and the' average heat transfer for 
very high Reynolds numbers* . The general lay- out of the ■whole plant is 
shown diagranmatically in. Fig*5'l*. and on photographs ■ in Pig 5*21 and . 
ng*5*5«
■ The plant ■ consists ofs 
1* Water pump
2* , Inlet calming pipe
3# . - Baperiinental pipe
4* Outlet calming pipe.
5* .Steam Jacket
6# Steam head ■
7# Tank with notch and hook gauge*
8* Steam pipe from the main holler
9* I&rcury and water ”Uf’ type manometers
10# .■ Electric motor
H *  ■ ■ Steam trap
12* Potentiometer, switches, thermoflask* battery*
Water supply
Since a very high mass .flow, rate is required to obtain 
high Beynol&s numbers* a centrifugal pump was used* . This pump was . 
driven by an electric motor and the speed was regulated by a variable
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re si stance Aich m s  connected in series with the field circuit of the 
motor# The rate- of flow was. regulated by means of a waive (C) placed 
before the inlet calming pipe#- To reduce the pressure and to avoid . 
any -surging. ; Jniihel pipe- 'a' second valve' (&)* similar to the first # m s  
placed "before the calming pipe# ‘ The mter .ms. passed into a tank,- " 
then discharged over' a ‘notch attached to same# into" another tank 
from which'it was1 dram' by the -|Kte$3* The head of "the discharged'water 
through the HT* notch was measured by means of a hook gauge and the 
velocity of flow through the: tube under test was calculated#To measure 
the inlet water temperature two thermocouples were soldered into themlct
3" and 6* iTcm the outlet end » Iv:; " . 1 . 1 ' V'-.;'-,. 
-The.outlet 'water: temperature m s  measured by means of two thermocouples 
soldered at 3n and 6n from the inlet end v
Inlet calming rice#
To maintain a fully developed flow at the inlet of the.heated 
section a pipe 56 ins* long and of the same diameter as the heated pip© 
was used as' an inlet calming pipe# . .The calming pipe was fixed at one 
. end to the pump delivery pipe by means of a conical-shaped 36-inch long 
pipe# the other end being insulated from the heated pipe by a connection 
piece of a poorly conducting'material.#,- . This piece, was made of lfTu£nolt 
and had the same internal diameter as the heated pipe# Since two 
thermocouples were soldered into this pipe (as described previously#. to
measure - the - inlet water temperature) the whole length of the pipe was
’ " ■ *• 
very well lagged in order to prevent any heat exchange between the pipe
and the surroundings#
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«Ehe pipes under Test*
Three different types of pipe -were used in the investigation*
(a ) Three c ircu lar copper rough tubes 64.8 inches leng, having 
asternal and in tern al diameters 1,352 and 1,25 inches respectively* 
the m il thickness being 0*06?% She method of preparing the rd u #  ■ 
tubes w ill be described la te r ,
(b) A circular mooih eq^eartiibe of the same dimensions as. the 
rough tubes* ^
(c ) A c ircu lar smooth brass tub© 64*8 inches long, the external and 
internal diameters being 1*5 end 1*25 inches respectively and the wall 
thidsieas |f inch*
Each pip© in turn was placed horizontally into .a steam jadhet* 
made of' steel pipe 4*5 inch in diameter and 6o laches long,' and connected 
to the inlet and outlet calming pipes by means of insulating pieces made 
of; Jufaol (See Fig* 5*1) •
The distribution Of the wall temperature along the tube was 
measured'by means of eleven 26 S*W*6*. Cqpper-constantan thermocouples 
installed at the following distances from the camaencemant Of the heated 
section- (55 Inches Of the pipe was- directly heated by the steam*)
% indies 3 4>3?5 6 *3  10 15*75 1 5 .6 3  1 5 .3 3  21*25 28*75 3 6 *3  54
Z/S) Rough and ,
smooth copper 2.44 3.56 5.08 8*13 H .175 12*7 15.75 17.2? 23.35 29.5 43.B
tubes.
I/B  Smooth 2*4 3.5 5 8 11 12*5 15.5 17 23 3  Jft&
trass tube* .
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The method of installing the thermocouples is similar to
one recommended. %  McAdams and is explained in the followingf
a) first of all the ends .of the two. wires to form a thermo­
couple were very well;cleaned# twisted together-and fused
. Igr means of an electric spark in an atmosphere free from . 
©isygen* (See Fig^JO
b) With a T-shaped, cutter, grooves at right angles to the 
axis of the pipe were out to receive the functions of the 
thermocouples# The vertical milling machine used.was. 
set and locked to give a depth of cut of 0* Gif* in the case 
of the copper pipes and a depth of cut . of 0.1” in the case ■ 
of the brass pipe# -
c.) Each thermocouple Junction was then placed in its groove
and soft soldered to the pipe wall to ensure true metallic 
contact# ■ - Superfluous solder was removed by a file and :
' emery paper, a flush- surface being obtained# The free 
ends of the thermocouples were' then led through the steam 
■ Jacket and connected to solid 'silver contacts of a double 
' pole 33-way selector switch, ; The common terminals of the 
Switch-were connected to a reference cold Junction, which 
. was kept at constant temperature by means' of melting ice 
contained in a vacuum flask# The switch was actuated manually 
so that the thermocouples could he connected one at a time to 
the reference cold Junction# (See Pig* 5*5)
'Owing to the fact that the heat transfer pipe is in a 
horizontal position the accumulation of condensate m y  occur on 
the lower position of the surface and the question of a non-uniform 
wall temperature around, the perimeter of a cross-section may ©rise*,
I t  is  believed that i t  has very small e ffec t in  the w rite r^  case* 
fo r the follow ing reasons:
1* Ihe flow was turbulent*
2* ' The outside surface of the tube, was very smooth* and the
condensate was able to drip off readily*
3* The steam jacket was always full of steam*
4* Ihe tube m aterial m s a very good heat conductor*
Ihe temperature could therefor© be considered constant around 
the perimeter of every cross-section*
■Sh© outlet calming pipe* 40 inches, long* was of the same- inside 
■and outside diameters as the heat . transfer pipe* • die end of the pipe 
was connected to the heat transfer pipe by means of a piece' of poorly 
conducting material (Tufnol) and the other end to a ,2; Inch i*d* 'pipe* 
leading to the back of the discharge tank* by means of a rubber tube* 
Since the outlet water temperature was measured by means of two thermo­
couples soldered into - the outlet calming pipe- at 5 inches and 6 inches 
from the inlet* the .whole. length of the pipe -was very well lagged to ■ 
prevent any heat exchange between , the pipe and the surroundings*
Three methods of heating for the apparatus were considered,
namely:- ■
a) hy an electric heater
b) %  passing the electric current directly through the
tube*
c) %  means of steam heating*
The steam heating system was chosen since the maximum heating rat©
required m s  about 90 kilowatts which is greater than could be supplied in 
the research laboratory*
The heat transfer pipe was heated by means of steam supplied from 
a boiler. The pipe leading the steam from the boiler was connected to a 
steam head placed above the steam jacket* The steam head was 55 inches 
long and 6 inches i*d«
The steam was led into the steam head from both ends by means 
of two pipes having holes along their length and running inside and along 
the whole length of the steam head {See Fig, 5*1)* steam head m s
connected to the steam jacket by means of five short 3/2-inch i,d« pipes 
which were:' at the following distances from the commencement of the steam 
jacket:- 0 inches, 18 inches, 28 inches, 38 Inches, and 48 inches.
These distances were chosen in order to get even distribution of the 
steam in the steam jacket# A very sensitive manometer was attached to 
the steam jacket in order to control end maintain constant steam pressure 
for each run. The steam flow was regulated by means of a valve Installed 
in the steam sup|>ly pip© fromthe boiler* At the top of the steam jacket 
a tap was fixed so that the air could be pushed out when the steam started
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to flow and the pressure rose* At one end of the steam jacket a steam 
trap was built-in in order to present the steam being blown through the 
apparatus* She condensate released from the steam trap was led into 
: the drain# , . ,
Preparation of roughness#
The most important requirement in tills connection was that the 
roughening elements should be geometrically similar# Various methods 
of roughening have been used in the past* The three generally favoured 
for circular pipes have been (l) screw-cutting* (2) knurling, and ($) 
coating the inside of the pipe with adhesive substance and then pouring 
in sand* '
The third method i# unsuitable if heat transmission measure­
ments are required, as it covers the inside of the pipe with a layer of 
material of uncertain thermal properties between the fluid and the pipe 
wall proper* The possibilities of attaining the desired result by 
scre?/-cutting and the knurling process were examined* Investigation 
showed that in both cases the pipes would have to be made in very short 
lengths and joined together! this would take a very long time* be very 
expensive, especially in the case of the knurling process and it would, 
in practice, be impossible to ensure that the roughening elements in the 
various sections mated accurately*
The present writer, having In mind the possibility of applying 
the results of this research, in. building heat exdm%ers;. for aero-engines, 
gas turbine truck engines, and nuclear reactors, has chosen a method of 
producing the required roughness, which could he simple in production and
at the same time would guarantee the required uniform roughness* The 
writer has chosen the frust-um-of-pyrasiid-type roughness in order to :
Obtain ©Iso a large heat transfer area#
■' It was desired . to produce three pipes, each of about 5*5 
feet total length and .about .1*25 inches bore, having a roughened internal 
surface such that the form of roughness in various pipes was geometrically 
■ similar but of a different magnitude in each* The form, of roughness 
: required, as already mentioned, was to consist of a continuous- frustum- 
of-pyramid type pattern* , Three degrees, of roughness were achieved by 
producing- three frustum heights of about 0,009 .inch, 0*014 .inch* and 
0*019 inch respectively* ; The result was obtained by means of a knurling '■ 
process on copper sheets in the following way* A copper sheet, 3 ft# 
long, 5*9 inches wide* and. 16 8*1*$,.. thick, was prepared and fixed on a 
macliine bench* A knurling wheel, having the thread at 60° to the wheel 
axis, the apex angle a right angle and a pitch different for each' sise of 
rogghness, was fixed in the machine in a vertical position* . The knurling 
wheel m s  passed along, the sheet, at the. feeding depth required for' ■ 
different pipes, forwards: and backwards until the uniform frostrums of 
pyramids were obtained* if ter- every few operations the whole' surface 
was checked by means of a strong magnifying glass in order to ensure a' . 
uniform roughness# '. Then impressions of . the rough surface in a. few places, 
along the sheet were .made in a plastic material# • After a certain time, 
when the plastic'material was. hard, a few sections through the frustums of 
pyramids and valleys between them were made and placed in a magnifying 
projector* The heights, angles and aides of the frustums Of pyramids 
were measured* The mean value -f or each paramenier was taken*
Fig. 5.6 sms jtmssi - mi* a m m s .
Wreotlm of flow
Bib© "A"
B a b e  " C "
FIG. 5-7 SCHEMATIC REPRESENTATION 
OF FRUSTUM OF PYRAMID.
TUBE CL b C cL oC >6
PITCH
P
HPIGHT
OF
FRUSTUM
OF
PYRAMID"h"
A 0*064 0*064 0*026 0*026 120° 60° 0*055 0-019
B 0-046 0*046 0*018 0-018 120° 60° 0*041 0 014
C 0*028 0 028 0*010 0 010 I204 60° 0 026 0*009
TABLE No. I.
7(
Ylhen the required roughness was obtained, the knurled sheet 
was “bent to a circular pipe of 1.23 inch i*d* and the seam brazed* Two 
such pipes were joined together, end to end, again by brazing. The ends 
of the pipe were cut off to'obtain the length of the pipe required* The 
diameter of the pipe along the whole length varied by less than 0*C% inch, 
which is considered satisfactory* The same procedure was applied to the 
other two pipes using knurling wheels having the same apex angle and the same 
thread inclinations but a different pitch for each pipe*
Pig* 5*7 represents the characteristics of frustum of a pyramid 
and Table Ho* 1 contains all dimensions of the roughness and of the 
knurling wheels* Pig* 5*6 shows photographs of the actual roughness of 
each pipe* The smooth copper pipe was also made of the same copper sheet 
and in the same way as the rough pipes in order to be able to compare 
the experimental results obtained on the rough pipes with the corresponding 
results obtained on the smooth pipe*
A knowledge of the magnitude of pressure losses is important 
in the design of many forms of heat exchangers, not only because of the 
influence of pressure loss upon the power required to circulate a fluid, 
but also because a relationship exists between the pressure loss and the 
transfer of heat between the tube wall and the fluid stream* Pressure 
loss and film conductance are so interdependent that substantially every 
change that may be made in the physical properties of the fluid or in the 
size, shape, or surface condition of the tube, in an attempt to increase 
heat transfer, results in an increase in pressure loss* An exception to
this usual relationship is that any coating or contamination of the
tube wall decreases the rate of heat transfer although it increases
the pressure loss*
For flow in a circular pipe, the pressure drop along a.
certain length of the pipe can be expressed in the forms . ,
2 '
A- P ^  ryLaJUmm \ **♦»*♦**#* 5*1
' , ; ■ 2g D /
.If the flow is isothermal, or ■substantially so, the Reynolds 
number is based, upon evaluations of the viscosity and density at the . 
existing temperature*.- Mien heat is transferred at such a rate that 
there' is an appreciable difference in the temperatures of the pipe 
wall and the fluid the evaluations of viscosity and density should be 
made, at the temperatures recommended by l-bMams# ’
a) for, streamline flow* t m . 3t * tw# IBi-wirTnii iiimjirwoiiiii mi
If
: ,i ' 1 1b) for turbulent flew, t « t + tw
a
where t » temperature of the main body of fluid,:
■ tw » temperature .of the pipe wall*
Ihen the pipe surface is rough the coefficient of friction 
is not only a function of the Reynolds number hut is also a function of 
the relative roughness of the,surface*
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Am Experiment al Procedure
Two hundred end thirty one tests werO carried out on heat 
transfer and associated frictions ,
42 tests on rough tube wAn « conventional roughness ratio » 0*0309
4-9 tests on rough tube *BW * conventional roughness ratio « 0*02278
40 tests on rough tube nCM * conventional roughness ratio « 0*01463
■ fS tests on smooth, tube ”DW conventional roughness, ratio « .0
42 tests oh smooth tube "1” (Brass) ■«* conventional roughness ratio =? 0 
and two hundred and sixty-two tests on friction with no heat addition*
63 tests on rough tube "A*
« it « tt w^it
47 » « « «
ijj; tt w it » ^
43 V  * w ■ * ,fX)« (Brass) ■
Each of the two hundred and thirty-one tests on heat transfer 
and associated friction m s  carried out as follows;
1* The Water pump was started and the flow was adjusted by means
of two valves, to give the required velocity*
2* The valve la the steam supply pipe from the boiler: was turned
off* The air-exhaust tap on the steam jacket was turned off and left open 
for some time* After a few minutes* when the steam was fully escaping from 
the tap* the tap was shut* and the flow of the steam was adjusted to obtain ■
na pressure of i lb* per sq* in* in the steam jacket* this being 
recorded by a very sensitive manometer attached to the steam Jacket*
3* She steam valve 'was re-adjusted until the manometer was '
showing constant pressure (-g- lb. per sq. in*) in the steam-jacket*
4* - Hie readings of ail thermocouples were taken every few ,
minutes until steady conditions were attained* .
5* ■' When the steady conditions were attained the following
readings were takens--
a) the inlet and outlet water temperature thermocouples#
b) the tube wall temperature themocouples# ’ _
c) the discharge head through tT* notch#
d) the pressure drop in the test section*
The time necessary for steady conditions to be obtained varied from 
23 to 3D minutes depending upon the magnitude of the velocity of flow*
B* Method, of calculation*
Tube wall temperature* ■
The tube thermocouples were inside the wall and therefore 
indicated a t-a hi, fa ere t e mfeA xabuy&vyj? than that of.the inside wail#
The average tube imer-i^ all temperature tg was taken as the average 
tube-wall temperature obtained fro© integrated sxial-tenperature-distribution 
curves of measured local tube-wall tesperature at the thermocouples radius 
(area under the curve divided by the effective heat-trarsfef length) minus 
the temperature drop through the tube wall computed fro© the equation .
Q ® ■ . **#,****#* 6.1
L lOge ':
'ft
for heat conduction through, a tube wall and heat flowing radially inward*
lbs
 
/ 
hr
. 
It
.
f ,  K,Jl, P r  -  T E M P .  ( ° F . j
t
4
3
3
2
-38
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-36
■35
160 no130 140 150120100 110
TEMPERATURE °F.
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la the above equation?
Q « the amount heat transferred per unit time
ii s the length of the heated section,
K » the thermal conductivity of,the material,
' r£ » the logarithmic mesa radius*'
The inside radius ri m s  taken as half the inside diameter- defined by
Evaluation of tube diameter
The inside diameter D for a rough tube was expressed by the
relation;
volume of tube) 4 *•**««*« ' 6*2
which is the value resulting from an internal volumetric measurement 
of the tube*
Physical properties of .water 1%
The physical properties of water used in the present thesis are 
shown in Pig* 6.1 as functions of temperature* The curves are plotted 
from the data of Reference iS">
The amount of heat transferred . <
The heat input per unit time was calculated from t he following 
equation?-*
Q s tCp (t2 * %) ******* 6*3
where ¥ » amount of water discharged per unit time (lbs#/hr*),
Cp ® specific heat of water, evaluated at mean temperature (t^  + t^ ), 
*1  *  in le t  water temperature ( ° F ) ,  2
±2 ® outlet water temperature (°P)
he equation D & volume of tube 
L IT
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In the writer1® case the inlet end outlet water temperatures 
were recorded by means of thermocouples located In the inlet and 
outlet calming pipes as already described in Chapter 5*
. f .  *'• •; *.
Heat transfer coefficients*
The kverag© heat-transfer coefficient "hw is computed from the 
experimental data by the relation
. ^  ^  
h = ^ T V rV “
6.4
The water bulk temperature t^  is talcen as the average of the 
tube inlet-mter and ezit-mter temperatures, t^  and t^  respectively* 
The heat-transf er area S is based on the tube iimer-diameter as defined 
in equation 6.2* Correlation, of the heat-transfer coefficients 
obtained herein is discussed under the section Experimental Results*
Friction coefficients*
The friction coefficients were computed from the experimental 
data by the following relation*
Correlation of the friction coefficients obtained with heat addition, 
and also without heat addition, were computed using the same equation*
The modified friction coefficients used were computed by the 
same relation hut the density end •viscosity* of water were evaluated at 
the temperature for which the modification was introduced*
The efficiency of the rough tubes was compared with the 
efficiency of the smooth tube by evaluating the ratio of the ratios of heat 
transferred in harse-power to horse-power expended in overcoming the 
associated friction for rough tubes, to the equivalent horse-power 
transferred in heat to horse-power expended to overcome the associated 
friction for the smooth tube, at the same velocity of flow#
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■ s t m m  m  m w i A T t m ® . ■■
Average. heat' transfer ovar,. the • whole length of pipe 
when L * 4?»9 ■ ,•.:■•■
5 . "
Hough pipe nAtt conventional roughness ratio » 0*0309
st Ho. 7) :
Efaysical properties of water evaluates at ’bulk 
9L as
v as
twi- (from the inlet thermocouple readings) a 
tbs (from the outlet thermocouple readings) «
■ ’fcWm® i (twi * tW*)': ■ as
■. t£ (Obtained by integration of the curve *?
, representing .the wall temperature ; 
distribution along the pipe and divided 
%  the effective heat transfer length.)
i At m tpim «*■ twm
0:Tfc ■ ^  wttiTi 1','giiri'
^ - ;%fc
at (9€.25°F)
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&  .
b ,
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S3
temperature *
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2* Modified correlations based on bulk temperature and friction velocity,
f a ■ .8*00807 dimensionless
. 2 ■
I*f a 0*08932
^  s |^t a 0*248 ft*/sec*
2
V- D
Jm ■ » 3300 consistent units
• O v / 1 • - * -
Modified correlation based on film temperature and-friction velocity
f ■ ■ *■' 0*00807 dimensionless
2
/£■'.■ 0*0898. . t
Y ; zz Y -:- 0*243 ft*/§»eo*
Pf V :- D.
fa ■ sa 4330 consistent units
■ . ■> g6M. * *
Modified correlation based on. average inside tube surface temperature 
and friction Telocity
-C»
« 0*00807 dimensionless 
, , a . 0*0898- ' 11 : '
ss 0*248 ft*/see*
■ 3475 consistent'units ■
Bu^ 0*4 ■ - 293.0 -
3. Correlation of heat transfer and friction data by letting the eddy 
diffusivity for heat be equal to that for momentum* She physical
■ properties of water- evaluated at bulk temperature 4 -
■ » 0*00807 dimensionless
W  <*. 0.089S "
: p sVg
® 3*105.
?.ef Srf | =15510
r 1 + 0„4(B^ -1)] = 2.48
- (1 + O.^B^b - l) = 40.80 ,
Correlation of heat transfer and friction data by letting the eddy 
diffusivity for heat be equal to that for momentum, : Hie physical 
properties of water evaluated at film temperature and the velocity
of flow at water density for bulk temperature
f . . ‘
2 . . » 0*0080? dimensionless
f 1
p . . . ■» 0*0898 w ■
ITSb . - . >  3*0».
' Ref Rrf ^  . » 14510 '
[ 1 * 0*4(Frf.~lj . .* 1*98
lilt “ ^  + " ■) ^*e = 70,8
' .Correlation, of heat transfer and friction data by ..letting the eddy
diffusivity for heat be equal to that for momentum* She .physical
properties of water were evaluated at surface temperature* and the
velocity of flow at water density for bulls temperature, . 
f
0*00307' ■
:a 0,0898
■ 0 , 0 0 2 6 3  '
■> 3*045
14420
t 1 + 0*4 (Er„ .*■ 1 )J « 1,65&
Res Jg
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Xu this the sis the calmed or normal turbulence refers to flow ’■ 
above the critical, velocity, in which ho disturbing flow 'pattern is 
superimposed on the normal, fully-developed turbulent flow in a circular 
pipe*. . Disturbed or super turbulence refers to a different flow pattern 
which may he Imposed at the pipe Inlet or. along the pipe length by 
artificial means such as orifices, obstacles, indents, spiral forms fitted 
inside the pipe, or an artificially' roughened inside wall of the pipe*.
Variation of wall temperature with, length .
■. The tube and water temperatures are plotted against the tube 
length In Fig* 8*1'
Vhe water temperature along the tube is represented by means 
of a straight line- obtained by Joining the points'corresponding to the 
inlet and outlet temperatures* ■ Ihis representation is probably not 
100 per cent* true as it m s  impossible to check the amount of heat ■ 
given to the water per unit length along the tube* fhis representation 
allows only a comparison of the approximate rate, of increase in water 
temperature along the tube with the wall temperature distribution* Owing 
to this fact the writer did not attempt to . calculate the local coefficient 
of heat’ transfer for different £ ratios* ■
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The -wall temperature follows a curve with a diminishing 
slope for a certain |* ratio (which some investigators call a critical 
11 ratio) after which the slope becomes a straight line and nearly
5
parallel to the water temperature line# Another interesting point 
is that the value of L varies between 10 and 13 and is dependent on
5
the magnitude of the Reynolds number| it decreases as the latter 
increases* This can be attributed to the change in the velocity 
gradient with Reynolds number * especially near the pipe wall*
All Rl-Saie * s results show that the critical L varies
5 -
with Reynolds number for Re <22,000*
He obtained the following results?
1  a 10 for Re between 27$OG and 43000
D ' ■ . ;
% » 12 for Re between 15000 and 22000
5
I* as 14 for Re between 4000 and loboo
5
Arab! showed that for his experimental data the critical
1» « 12 and is independent of the magnitude of the Reynolds number*s
Film or Sub^ Boundary. layer
The temperature distribution curves obtained by Hikura&se, 
SebaU of Shimazuki, and others suggest the existence of a laminar sub* 
layer next to the tube wall in which molecular conduction effects are 
preponderant in the transmission of heat*
2n the case of calmed or normal turbulent flow 
0, s h» A (t« * tw) *•**# (a)
r - ) 8*1
g, ' «s A ( fcw ) y w 0 ••**•
if
where ICjW « coefficient of conductivity in the layer immediately . 
adjacent'to the: surface,;
dtw » water: temperature difference across' the fluid film 
adjacent to the solid surface.
■: Equating equations (a): and (b)s
g *kw y «. 0 *#*♦*# 8*2 •
■ (t5 ■* t##):.'
This equation indicates that the local coefficient of 
heat transfer is directly proportional to the. temperature gradient 
existing in the fluid next-to the wall*
In fully developed turbulent flow, after the temperature 
gradient reaches a finite value, a definite relation exists between 
the velocity and the temperature gradient*
In the case - of a tube with a long calming section, the 
/velocity gradient remains practically unaltered, but the temperature 
gradient varies from an infinite value, at the entrance to the heating 
section, to a finite constant value at a certain distance from the 
entrance section* According to the variation in temperature gradient 
the local point coefficient of heat transfer varies* The change in the 
local coefficient of heat transfer is a purely thermal phenomenon*
In the case of super-turbulent flow, there is an additional 
factor to the pure thermal phenomenon, namely, the variation in 
temperature gradient | this is due to the variation in the velocity 
gradient along the tube length, until a definite constant gradient is 
attained* Hence the value of the local coefficient of heat transfer
varies along that length according to the variation in temperature 
gradient due to both factors* After a certain lengtV'diameter ratio 
(£) the local coefficient of heat transfer reaches a constant value*
5
This value is called the coefficient of heat transfer for a pipe of an 
infinite length*
. With the exceptions of Arabics and All El-Saie*s 
work* there are no known available results for the local coefficient 
of heat transfer at the inlet of a heated pipe in the case of calmed 
turbulent flow*
In the case of the pipe of infinite lengthy more data are 
. available in'previous work#
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Correlation of. Heat 'Transfer coefficients
The methods used herein for correlation of the heat-transfer 
data are as follows? ;
Conventional correlation based cm hulk temperature '
<wflW W tw .M i u JK ia » ti> .< Br -a i1 ■ - r r r n c w m  r T m i nn r t i ' r  i i tK.n i MimuMtttM .o i « ■Biiw w m h  ^ a f r « iWBU >u ju ii W ff t f
■ She average heai->transfer coefficients obtained for the 
smooth tubes (D) and (U) are presented in the conventional manner 
in Mg* 8*2 and Fig* 8*3 respectively* The Husselt number divided 
by Fraudtt number to the 0*4 power (h p) (Cp.b j^ b)^ *^  is plotted a-
p bVbD kb %
against Reynolds number-*^—  with the physical properties of water
evaluated .at the water bulk temperature* ' Included for comparison is
the line (dashed) which in Reference 24 was found to represent best "■
the smooth-*tube data of various investigators* ■ • . . .
.Mgs* 8*2 and 8*3 show that, for the whole range of the
Reynolds numbers investigated, the relation between Hu .and He cannot
S'0.4
be represented by an equation of a single straight line* In the 
writer * s case this relation can be correlated by means of two straight 
lines having the following equations?
Smooth tube WP”
for He< 120000
to a 0.02723 0,794 (op lA>)0,4  * 8.3
k* -Vg- KJ>
for Re > 120000 Rt <C. 4-S000*.
0,663 ( 2 ^ ) 6’4 ....... 8.4m  ss o.
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Smooth tu'be "E" (Brass and J3 ■ 1.25 inch)
Por Ee < 120000
hg s 0.02d(P WH))0*781 (Op •b(t'b)0,i|- . . . . . . . . . .  8,5
Kb *Pb Kb
forEa?  120000 ernd Re. <  S'/oooo.
m  =  0.105 ( t w w ) 0’639 (Op. # b )  ..................... 8 . 6
Kb T*™ Kb
■ In comparison with the reference line (dashed) the data
for tube ”D” fall above the reference line for Reynolds numbers up
to 120000, then fall progressively below the reference line#
In the case of tube the data fall progressively below
the reference line for all Reynolds numbers# The difference in
value of g|fc for the tubes wDrt and WEW at the same Reynolds number 
e£074
is about 10 per cent# for a low Reynolds number and about 20 per cent*
for high Reynolds number# This difference can be partly attributed
to the fact that the ratio of the surface temperature to the water
bulk temperature is higher in the case of tube *1* than for tube fDn*
The dependence of the value NU on the surface temperature to bulk
jpjiXC4
temperature ratio was also found by Sams and other investigators#
Modified correlation based on surface temperature .
Average heat transfer coefficients for the smooth tubes 
«p« and TS* are presented in Rigs* 8*4 and 8#5 respectively* The 
Ilusselt number divided by Praudtt number to the 0*4 power (m /
(Op gf s) °’lh is plotted gainst a Reynolds number in which the ’
Ks
density and viscosity of the water are evaluated at the (average) 
insi&e-surface temperature and the velocity of flow remains the same
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as in the ease of correlation based on balk temperature* In addition 
the physical properties of mater are evaluated at the average tube* 
inner*WBll temperature. .'t. -v
p.;:.:-/ The difference in value cf Nu.
“££74
for the tubes and MB” for the sane Reynolds number is nearly the 
sane as in the case of correlation, based on bulk temperature# .
:. The data can be represented, by means of two -straight lines 
(for each tube) of the following equationsi :
.Smooth tube "D" f’ ; '■ »i«i nauiMuM
for Ee <. 170000
■hP s 0,0153 (p sVbD)0,812 (Od.s^ s)0*4 ..... . 8,7
Ks PaT”- Ks
for Re >170000 a no! &e <£. GZoooo.
. "iffl = 0,08U (pstod) 0,674 ( S a ^ ) 0,4 8.8
Ks ■ P'S; ■ Ks ■
Smooth tube *E* ■mu ,i' ms ,ii jtmmv m u  \ mi ,#tn, iw rtW r iw i ■
for Ee <170000 ; : , .
M> « 0.0159 CPsTO)0,789 (Cp.s1 s)0,4 ....... 8,9
Es ' Ks
for Re> 17000Q 4 *7*0/  <. 9Qoooo
■ M) .« 0,0798 (PsTC>)°* ft|9 (Co.s !l ) ° ^ ........... 8 ,10
• Ka T i “  Is
Modified correlation based on film temperatureTW"w;nrr turn iiTiin'iinnrMninw«»*CM,i^ iii 1 'mull!     iwtr i> ■ -itwnwpnan'<f.iwi. r 1 naia.i ■ -Oirt»,r ic ..mwim-wwiM w  WWW
In the experimental smooth~tu.be investigations of Reference 33 
it m s  found that for best correlation of the heat transfer data the 
temperature £c:Jbe used in evaluating the correlation parameters was the 
surface temperature*■'.■■■
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In order to compare the results of the present Investigation,
when the film and surface temperatures are used, with those mentioned
above, the data for the smooth tubes MDH and f’E” are replotted in -Figs*
8*6, 8,7 respectively, wherein the conventional plotting parameters
are modified to the following extents Xlusselt number divided by BraudtC
number to the 0,4 power (hD) / (Op is plotted against Reynolds
If/' If .
number in which the density and the viscosity are evaluated at the 
average film temperature, ■ ■ Also, the physical properties of water are 
evaluated at the average film temperature* This method of plotting 
gives results which are intermediate between the correlation based on 
the average bulk temperature and the correlations based on the average 
inside tube wall temperature.
She data can be represented by means of two straight lines, 
for each tube, of the following equationst 
feaoth tube wDn
for Re < 135000
hD * 0.C1G6 #\tTOD)°»81 COp.^f)0*1^   8.11
. weamrn *msms*9*aummw ■ mmrf'i
m  7*t- k
for Ee> 135000 a n d  *e <C S3oooo
hD a 0.0949 (PfVhD)0,67 (Co,/f)0,4   8.12
%£ ~ M f  Kf
Smooth tube ”11”
for 135000
M  » 0.0196 (Lffl®)0,782 (Co.f^ f)0,4  ... 8.13
Ef M t m
for Re >135000 &*?</ t
KD a 0,103 fP iybS)0,656 (CpifjF)0,4 .... 8.14
k . Kf
G. 8* 6
I
C O R R E LA T IO N  OF AVERAGE HEAT TR A N S FE R
WITH B U L K p b V b D]FILM ‘ft Vb D_skqr~Jyti b
R E YN O LD S  N U M B E R S
DATA FOR S M O O T H  TUBE 'D '
C O N V E N T IO N A L  R O U G H N E S S  R A TIO
AND SURFACE Js Vb I3 ~ M s
y? *  0
Q
o
Nu = 0* 02:3 [Re] P r
X J  -O  
-o]*
ex. o
PHYSICAL PROPERTIES OF WATER
FIG. E Q U A T I O N SEVALUATEDo OF
B U L K . TEMPERATURE
FILM TEMPERATURE
SURFACE TEMPERATURE
MC ADAMS
54- 5 5  6  7X1 O'3 4- 5 b 7 8 9 10Z 210 4-3
R E Y N O L D S  N U M B E R ,  -V P .M  ?
FIG. 8 -9  CORRELATION OF AVERAGE HEAT TRANSFER WITH 
BULK [ ?b| ; D ]  FILM ]  AND SURFACE
D ]  REYNOLDS NUMBERS.
DATA FOR SMOOTH TUBE - E [BRASS]  
CONVENTIONAL ROUGHNESS RATIO f  = O
cc
UJ
CO
£‘'3
o
cc
UJ
CQ
£
U.3Vi<n
a
2:<£
or
a.
Nu = 0 023  R e ° ‘8 P r  4
10
PHYSICAL PROPERTIES OF WATER 
EVALUATED AT FIG. EQUATIONS
+ -  BULK TEMPERATURE -  6 - 3 -  8 5 5 8-6
•  -  FILM TEMPERATURE -  8 - 7 -  8-13 & 8-1*
a -  SURFACE TEMPERATURE -  8 - 5 -  8 9  5 810
Me ADAMS
7 8 9 (O’
REYNOLDS NUMBER , * b, V-b—  , ^  V— ?s Vb 0
fo show the difference in presentation of the experimental 
data by using the physical properties of water evaluated at different 
temperaturess graphs for tubes **£” and "E" are plotted in Figs 8*8 and 
8,9 respectively,-using the "bulk* film* and surface temperature*
Both graphs show that the difference in value of ^u/Tr0c^  
for the same BeynoXds number and different temperatures is greater 
for the- lower HeynoMs numbers than for the higher ones* '
■She slope of the lines representing the experimental data 
increases as the physical properties of water'are evaluated at average 
water bulk temperature, average film temperature, and average surface 
temperature fesportively*:
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EPPS! TIBBS
Much previous work has been carried out to increase the rate 
of heat transfer by convection both Inside and outside pipes*
. 3h the case of fluid flow .Inside pipes, such an increase can 
be obtained by increasing the degree of turbulence by destroying 
the so-called "laminar boundary layer"• ®iis extra turbulence
could be obtained
1* by Various entry conditions* such as guide vanes csr 
spirally twisted strips inserted at the entry of a 
pipe under test*
2* by inserting different types of promoters inside the 
whole length of the pipe under test, or 
3* by rou^eaing the inside wall of the pipe*
Bie difference between (l), (2) and (3) is as follows; in 
the first case, sudh extra turbulence is local at the tub© inlet 
gradually disippating some distance downstream* Due to this 
fact, the rate of heat transfer increases proportionally along 
the length as far as super turbulence exists* , if ter the 
turbulence dies out the rate of heat transfer is the same as that 
for a tube of infinite length, as in the case of calmed turbulence# 
Shis kind of increase in heat transfer is effective only with 
pipes having a comparatively small le^iiVdi&^tar ratio* .
. 2h the'second case, the conditions are different sine© super
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turbulence exists along the whole length. of the pipe, and 
therefore the heat transfer increases ©long the "PhaLe length
of th© pipe*, : :v. ■ , =■) , _ v ' \
' 2h the third ease, 'mper turbulence' exists along the' Whole 
length .of the. pipe and also increases the heat ..transfer area*.
Xf . tbe surface is .sufficiently rough and its projections extend 
"beyond the laminar sub-layer into the. turbulent layer, these are 
causing a .thickming of the turbulent layer and a corresponding 
increase M  the frictional resistance and heat transfer#
Consideration of, the molecular attraction between water' and the 
pipe material ■suggests the presence’of. a laminar sub-layer on 
the sides and bottoms at ihe valleys. V: .Heat passes by turbulent 
interchange from;the ."plateaus**,.of-, the roughness, and by conduction 
through .the ■laminar sub-layer from the sides .and bottoms of the 
■Valleys#
Experiments under the third condition have been few# To 
the writer*s knowledge an investigation of the effect of roughness- 
on heat transfer was carried out by Ccpe^ on water flowing throuoA 
■: oscular pipes having pyramid-type rou^mess. and by Samsw /  on 
air flowing through circular pipes having' square-thread-type 
rou^mess#
. - ■ Results of rough.tubes#, .WinirmtrwmffrinrlaMSwroaMWrniinuiirmmmri—mgiiii'iiiiiMg^ iW : ■
The - 'effect of stg?er turbulence coated by three different 
frustum-of-^ramid' type rouglmess but geometrically all similar, - 
on heat transfer and associated pressure drop, was investigated.
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ihe methods used herein for correlation of the heat-iransfer 
data are as follows*
Omventicgial correlation based m  hulk temperature..SBgWMtsnmwiBawnBiniwfeMiii'i w-**ea«a«»*«3BganaBngctta«c«ttBm irni i« —>»»■
She average heat-transfer coefficients obtained for rough 
tube *A*' (ccsmrentional roughness ratio ~ » G.Q309 are presented 
In the conventional manner in Fig* 9*1* therein Kusselt mtriber, 
divided by Brandtl number to the 0.4 power
pis %  uIs plotted against Beholds nuaaber *"■—   with the physiol
properties of water evaluated a t .th e  water bulk temperature. , 
Included for comparison in the line (dashed) which in Reference 25 
was found to represent best the mooth~tdbe data of various 
investigators* Fig* 9*1 ©hows that for the whole range of the 
Reynolds numbers investigated* the relation between
and Reynolds number cannot be represented by an equation of a single 
straight line. In the writer’s case this relation Can be correlated 
by means of two straight lines having the fcXXewisg equations 
for 17000 <Be < 120000
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FIG. 9- 2
AVERAGE HEAT T R A N S F E R  FOR l/D  * 4 7 - 9
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and f of, B© > 120000 R c. <£ S*ooooo .
• 3a cc&parisca with the reference line (dashed) , the data far . 
rough, tube tAw .show that Introducing inner siafaoe rou^Jmess results 
la m  Increase in the rate ©f heat transfer* ' She gr&ph else shows 
that the roughness effect on heat transfer' is greater at lower 
Be^oL&s answers than at higher ones# ■. far' B@ *® ' 2QQ0Q ' ' "'
^  -id l¥3 per- cent higher than for the reference '-
%  ; v  ■ - ■ ■ .
line (McAdams equation) 'and for B© « A900Q0 Csal^r 52*5 per cent*
• Siese percentages win he different.ivfcm.the results far pipe ' 
nAm are compared later with the e^erlmental results obtained 'cm a 
smooth- oiroular-pipe 'Of, the easse .inner .disiaeter^  ,
Eh© average. heatHbraasfer coefficients - obtained for rm^a tube 
"B* (cmvemticiml roughness ratio, J » 0*02273 are presented in the' - 
same manner as for ttib©' *&* M. fig* $*2* ;
' Sio e^erlmental data can he represented hj means of two straight 
lines of the fcdlowlng'tquaticmss
for liOOQ < E©: < 120000 : ', , \ ■
FIG. 9-3. AVERAGE HEAT TRANSFER FOR L/D  = 4 7 - 9
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Fig.9.2 shows that' the roominess effect m  heat transfer is  
■• greater at lower Reynolds meribers than. at higher cnes (the same 
effect as for tube "A")* ■. *■ Charing the. heat-transfer resu lts , w ith  
those for pipe #A% at the 'same Beyicl&s numbers, it can be seen 
th a t the heat transfer is m a ile r  as the ccmventioial roughness is  
©Is©, snaller*. Ceepared w ith  the reference line (dashed), the 
data for raugb tube "Bw Show that, for R# m 209QQ09
M)•skswb*
\
line end fee JV *$0000 is only h&*2 per cent* the eospariscn 
with the'smooth pipe of the ©am© material and inner diameter as 
■ the -rough pipes will he given later.;:-;
■ Wmdx tee ”0” .©88tta©>gB8TO'iMHWil|BPB888BMBfWMBfcB8>BMi
5he average heat-transfer coefficients obtained for rough 
■ tube nC". (cmrenticsnal roughness ratio y « 0*01^5). ere giren in 
Sable 4 and. presented in the, same manner' as' for' tubes. "A**, and **BW9 in 
Fig.- 9*3 • • ©ie experimental data can he represented fhy means of 
two straight lines of, the following equatiom ■ .= ■
*■* - * fee 18000 < B < 120000
)0#.^ is ..136 per cent than for the reference
FIG, 9 -4  C O R R ELATIO N S OF AVERAGE HEAT TRANSFER
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dhe general characteristics of “both lines are similar to those 
of pipes "A* and "Bw* Hie coefficient of heat transfer for tube 
WCW are waller than for tube "B", for the same Reynolds numbers 
Ooep>ared with the reference line (dashed) , of R© « 20,000 the value
of' |P» /(5^Lk) ^ 1* 121*7 per cent higher and at Re » 49000Q
b %■
only 37*6 per cent*
Modified correlation based cm surface temperature#
Average heat-transfer coefficients for rough tube "A** are 
presented in fig. 9*4 “with the co-ordinates modified as follow: , ■ 
Husselt sxtsriber divided “by Bran&tl number to the 0*4 power
/Mk i / p^ s ^ v 0**1*(jrp / is plotted against a Reynolds number In which
the mter density and viscosity are evaluated at the average tube- 
imier-wall tesperature* • In addition, the physical properties of 
mter are evaluated at the average tube hmer-mll temperature fs*
It can he seen ■ 
h B  ^
that for the same Reynolds number the value of gj /( ^  
is smaller than in the case cf correlation based on bulk temperature.
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the ernperimentsX data for the thole range cf the Reynolds 
numbers investigated can. he correlated hy means, of: tm  lines cf 
the following equations*
fo r Ee<: 140,000 1 ^
m  _ o OLL I ps^ D aO.794 f^ £l_2 nO.4 „ -
s A1“S
aadfer Ee > lit0,000 a W  &c. < S f o c o o ,
hD „ / e s V  *0.676 /fp*s^ s \0.4 „
3 ( ^ T  5 c k a *  9*8
■ ■ Bottrh Tube ”BW
Average heat .transfer coefficients for rou# tube *Bn presented 
laPlgf.J^la/tbe same manner as for,:tube tAtt#. ■• .'the-general 
behaviour cf the ‘curves: is siaddLar-;toi those, of tube "A* and can he 
represented by the f dlowing equations:
for I© < 140,000
'rn-m 0. < m  ^ k J L ) 0*^  9.9
,i - ..*■£ ■ v' ' ■ !■ v ■ ! ■-1 . *
and for R^> i40*000 and <. S'^&oooo.
' f  . M  l ^ - ) 0-674 ( % ^ ) ° - ‘ - • • • • ■ M »■■•■■■•• ■ ' ' Jis   S ■■•■■
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■ /. ■ P'T’.v'h Kibe "C"....
Ks heat^ irarisfer coefficients fee* rough "lube1 nC** ere given 
in Table 4 end presented in Fig* ^*6 in the same manner as fee* tubes 
**A" and .’’B V  . She e^erimsntal data can be represented hy means of ■ 
two dines of the following equations?. ■
f or B© < 140,000
= hS) . ' -  , >  0 * 7 8 6  CP » s  1%  A  r 9 * 1 1
• a 0.0426 ( ~ -- ..-^ Q.4 ....   =?#A*L
■■■■%_ ■■■'•; -1^5 • ' : : ■ ■ ■
and f cs? Ee. > 140,000 a n d  £?e. 4"6 &&<?<? .
f  * 0.1507 ( ^ ) 0*677 ( V k )0*4 ............... 9.12
Modified correlation based on film temperature* ,
In crder to compare the results'- of the present investigations, 
then the film and surface temperatures are used, the data for rm$i 
M > m  *A% *5* and..,,0^ are replotted in Figs.'^7, M  and 9*9 '
respectively, therein the conventional plotting parameters are , 
modified to the following extent: . Hueseli number divided by Bran&tl
number to the 0*4 power (tfj)/ .(SwLlllE) is plotted against &
■ Af - .
Beholds number in which the water density and viscosity are evalmted 
at fi3m temperature#.
: Graphs fihOHr' 'hat the results are Intermediate to those correlated 
m, bulk and surface teoperatures.- v Again, as in the modified surface 
correlation, an increase in surface rou^mess results in m  increase 
in heat-transfer coefftclents. .
nequations of the slieaight lines liieongh the data csf rough 
are
%  z 125,000
jg - 0.0633 l^ ) 0’" 2 ( S g V * * .....   3.13
and for Eg > 125,000 a n d  d « o ° ° 0 '
g  * 0.8618 (£J^)0-«5............ ..... ........9.14
** V + V V  '
idiile those far rough tube "B" ere 
for Ee < 185,000
SB e 0.0847 (S, fjy? )0.742 ,jfr)0.4............. 9.15
Sf l*f %
ana fee B© >  125*000 <&>nd /^e <  S o a & o o -
M3 ---- , Pf7bD. 0.6LL ,*>tttf ;CLL ' . -g£. * 0.258 ^  ("“j ^ — ) ■ ............. 9.16
and those for rough tube *0* ere 
for Be <; 125,000
p  « 0.07a  ■ ( % £ *  )G*^   9.17v.v,uj. S v Kf '
and far Eg > 125,000 a n d  R e <£ ty-SO 000.
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Eh© question whether to correlate the data m  the'film or- ■
; surface 'basis cannot be resolved %  comparison of the data scatter 
in Figs* % k 9 9*5$ 9*&$ 9*1 end 9*8* 'Ehia question can Is© answered 
later vfam the correlation between heat transfer and friction will b© 
introduced*.- ' : •
Ccuparism of average heat^traasfer data for physical properties of 
water evaluated at bulk temperature *. surface temperature *
'" • and film .temperature* r.
E# show the difference In presentation of Hie e^erlmmtal data 
by using Hie physical pr^>erties of water evaluated at different 
temperatures, graphs for- tubes WA% ”Btt and "C" were plotted in 
Figs* 9#l®i !M1 and 9*12 respectively, using Hie bulk, film and 
surface temperatures*
A H  graphs for different tubes show similar behaviour* ' the
O Al
difference- In value of 1%/&T for the same Heyndds nusabers and 
different t^peratures is greater'for the lower Reynolds numbers „ ■
than for the hi^ier ones* Eh© slope of the lines representing the 
c^>erimental data.'' increases as the physical properties of water are- . 
evaluated at average ‘hulk, fUrn, and surface temperatures respectively* 
It is wcrthnoting that for- the whole range of Reynolds number the v.-. 
experimental data cannot be represented by means of a straight line as
m s  accepted until now* ' Eruly speaking* .a curve could be the best
;
presentation of all. points*'for the same teiiperature, instead of, two ; 
straight lines as adcpted by the writer. 3h© reason for such 
presentation is that developing an equation for a curve dram on
i d
logarithmic-scale paper would be rather difficult and fee equation 
would fee cumbersome, iii application* She error introduced fey 
adopting fee fe<*-sfeaight-lines presentation is very small*
; :; She value o f l ? ^ 0*2- far ttfb* "A", for a Reynolds n ^ e r  of 
20000 (say) differs fey $ 0  if fee feulk temperature Instead of fee 
surface teisperature Is used In evaluating fee physical properties 
of mter*fee difference' decreases as'fee Reynolds 'nujnber'v 
Increases* fee -values of Hu/^^^ waluated at film tesperatirre .
ere Intermediate between those for fee bulk and surface temperatures*
Modified correlation, based m  bulk* film and surface temperatures :
and m  friction .velocity*
la fee previous correlations .based on bulk* film and surface 
temperatures it m s  ghmm feat, although fee modified surface and . 
fee modified film methods of. plotting resulted In a good correlation 
of, fee heat-transfer data,for, safe of fee tubes Investigated, neither 
method enabled correlation of fee data to be 'made for all degrees of 
rcu^mess* .feis m s  to be expected In, as muH as no measure .of 
surface roughness was. fedtuded in fee correlation parameters* If use 
were made of a parameter feat includes .fee friction coefficient, whife 
is a final measure of overall surface roughness* ■ correlaticn of _ fee 
heat-iransf er data for all-fee tubes investigated might be expected*
A parameter.' feat .Involves friction coefficient is fee Reynolds number 
©ploying friction velocity — — y-, where ?£ is given by 7 *
, fee possibility of using fee friction velocity 7 % , in place of 
fee bulk velocity 7$ In fee Eeynolds number used In correlating heat- 
transfer data for icu?fe tubes, is also. Indicated In References 8 and 331
In iata me® f d? tats# f&asstag *&sW£jb
m m § m m #  w &  M  35 € b  #£ta «?# «jbts&&8& far atr
listei lirai#! vau&xsx& $&&& t&sH&s&
$& if^ocl iTOc?mo2&
if ttn ft&otimi^®laa3% firstaciaj* m  
if^Mal ft <t$j& e^crfertal ipfe «£ tQfa^mmB S m &  531 ti toccata© 
tjjf %«5sr Sal M l ^  =33*". Hi# txiSJflal Mils* #13a m &  £&&$ '
jsia&tfce mm$£tMmm mm. m s M i m A i m  wt& idM % ®  ititMm
Urn ©ala tm* M m ®  % %  *8* ant *0* w $  at«*
M  fe§?t&sz^ s m i  fl©tf©& M  Tifp* f*l3* f«34tisl %%$
% m  maiffel Mllf* fUn $&& sueCm# aoi^iatica 
me® i|p2n «@d$ t&th Hi# fet- $1® tssfeg? MlM
*&&&$$$• in % m  g&rt&r ty ftjo -
( T0
fsSteWjf ft { M m  aa %. J g  | fiiMi I# i®# #DftneA &&
% #  roa% ct* & $  prUa- fm  iZjsag* @%mm- at m i x  i$ lit#
■:.p - i&arafp t m  $8& Ha$ fetei
fim plotted la minc^# urn In Pine# S*S3» SM& ant 1*15*
f-*\. f'-JA *,. k #% i a %, f  . II
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■MO . K t% *± >■
FIG 9* 13
CORRELATION OF HEAT TRANSFER DATA 
WITH MODIFIED REYNOLDS NUMBER AND  
FRICTION VELO CITY . PHYSICAL PROPERTIES  
O F WATER EVALUATED AT BULK TEMPERATURE T b
DATA FOR TU B ES A , B , C .
~fb Vb P] 0-67SfCpby^ b
_ Aib J L Kb _*  0 - 9 5 6
I
!
~fb l / t o l  0 -7 4 2-O Cp b yU b 
. Kb
i
i o
o
CONVENTIONAL 
ROUGHNESS RATIOTU BE
0 * 0 2 2 7 8
!
i
I
i
f
j
3 6 7 S 9 IO42 £S10 5X432
MODIFIED REYNOLDS NU M B E R  WITH FRICTION VELOCITY, b •
CORRELATION OF HEAT TRANSFER DATA 
W ITH  M O D IF IE D  REYNOLDS N U M B E R  AND  
F R IC T IO N  V E L O C IT Y .  PHYSICAL PROPERTIES  
O F WATER EVALUATED AT AVERAGE F IL M  
T E M P E R A T U R E  Tf .
DATA FOR T U B E S  A .B , C .
' f y W p ]  0-676 0-4
= 0-923
C l \ O I 0*4-
o
Ui
CONVENTIONAL 
ROUGHNESS RATIOTUBE
o
to
to
CD
Q.
0 • 022.78
j
I
3 2 3 4 - 5 6 7 8 9  10+ Z 3
/V V 7)
MODIFIED REYNOLDS NUMBER W ITH  FRICTION VELOCITY,
5X104-10'
jFIG.9 • 15 C O R R ELA TIO N  OF HEAT TRANSFER DATA 
j WITH MODIFIED REYNOLDS NUMBER AND
I FR IC TIO N  VELOCITY. PHYSICAL PROPERTIES
OF WATER EVALUATED AT AVERAGE SURFACE
TEMPERATURE Ts  
DATA F O R  TU B E S  A .B .C
0 -6 7 9h D
i—
cps Ms 0 -4j
o
Q£LU
03
53
CONVENTIONAL 
ROUGHNESS RATIOTUBE
f—
z:<t
or
Cl
0 - 0 3 0 9
5s Vt d
103
Despite the wide variation in surface roughness represented 
herein, ^ie heat-transfer date for all tubes 'cart he fairly well' 
represented by means of two lines having equations shmn below*-' 
For physical properties cf mter evaluated -at bulk tenperature ;
and for < . i^oo ■; . .
, n ^  1 - ^  * ' ■
0.577 ;0.4 J.X3
: - T ^  ; ' /: '
fo r j & l f l  > aasoo > « a f  fb J s J Z - c  I f - i o o o .
Mb' -' /*«>'
m » ^806 clSc^jjo0 ^ '
%  -  a h '  - - ■ %  -:
Per physical properties of m te r  evaluated a t  fita tenperature
.pf V*D
■■',•■! aad for   ■■-•'   < 12000 ,
Mf
M . .* ...............
: IT ' D ' ;'
for  *- > 12000 a n d  Lt ^ -- £ t+iooo.
H  ‘ /*<■ • •; ' •- " "
KD V * D „  ' C_ J-r* * 0.923 (-P~ - ~ ) 0,676 (_E£*£_)0*4  ....... 9.22
^  jtl-
For physical properties of mter evaluated at' surface tecperature
of the mter ar© varied frcm hulk tenperature to film temperature, 
sad from film, temperature to surface tepemture. Ihis method of 
plotting results in a good correlation for ©11 tesperatures. ■ Eli© 
least scatter for all the data presented is obtained men Hie physical 
properties of mter are evaluated at film temperatures - v. Shis fact 
suggests mat the temperature used for evaluation of the physical 
properties Of mter mould be the film temperature*
Gorrelatioa cf heat tranter and friction in turbulent flow by letting 
the -eddy dlfTusivityfor heat be equal to that for . v
* SWW|)l 11 Millr> lWMWW»afcg«W«WMWBmaWMWB»B©tBaahaw<BW>M«BaW>l»IBmttMBa»«WM8«BWW m ■•
^y considering the basic equation for heat transfer end friction 
in turbtlent flow, and by letting the eddy diffusivity for heat be 
equal to that for momentum, the following relationship between the 
«<^wHtri<gn sdema 1 temperature and sigyi&l velocity at a
particular point is obtained:-' :
and fcr ' p s : w ■ < 125C0
9.24
9.23
Graphs 9*13, 9*14 and 9*15 show that the slope of the lines 
representing •fee e^eriumtal data Increases' as tie physical, properties.
i?jfr ' **§#**#
*?' *#******•#«(♦»*♦*«**»*#**#**#••* $*23«.«w>W .
r. . . . . . .
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Hie wtim 0  feasfeafe t an4 a fefc be 'fetefeed tsjr pletifeg 
fe# im&iais yt ( |||j >  (t 4 S#% pfe* d)j ag&Mat %f§)
Hie preaeni wlies* has plotted feeae ^ reaelmei for eacti . 
magk tee* en I^ p^ illi^ o-aeale pfefe* feidisg fee pf^ aieai
■ properties fe fete -efelmiei at fee fei&k* f 4 3 % : fegf&fe te&per&teea 
and fetsdadfet fee «f itelefcisB. far. eaiis febe tw* nafeg fee
:Pa|p:tp,gfc|mtim# 1$, fee tad-fes?** ease fee <sf ^ sdetim
■ * • f\ ? . ■ ' ■ ■ ■ ■ ■
. Is a gfeetife :«sf fee t*&pfe ' .fee eala^atol
p^eet4te fog? tdbe W  t*s?e gfesi fti fetdea 10* 13 <fe& M* i w  Mj# %**
' fe fiM.ee Id* 14 fed 17 wl *csr Mm *&* fe %Mm 12+M m& IS*
- fee. laloaftated mltiee issf feafe eaprefeltot tw ttwsa % #* ®B* aM 
■;.*$* m% plttfei in l%* f*M tm fee. ease feen fee pl^stoi p*fed?t4ea
■ «f -fefer «sfe efetasted'&$' fee t&dJt tfep^fere* la ftg*■ 9*17 fees* fee . 
•#42fc»; is, need* and in tig* f*13 fefe fee -w$tem fenpemim
■ is to  fee 'feaeemed* ’
Hie tqfetife el1 fee tint fefeugjb'fee data tf r<m$i tdbes
. *A% *Bd and *0*.fed £%mcal prcperilaa ef fetfe efelfefed at btdk 
, 1-0. ,
1 |J ~  « ( i  *  o .t(i^ 0 » t ) }  *  (o.orcis (eo-o a ^ j |  )° *797(22)5.5*33
ffild# thafcfqi* fldH fefe€^td£$ |& .- ; , ■
10?
and that for surface ieriper&ture
23fS
a (1 + O.i^ Era - X)) + (0.0645 (£^L)  ^ Jf)0.755(f)) .... 9.32
It can t>e seen that for' each temperature considered the points 
fall dose to a line ■ representing the abowe equations, ' She valu© .
©f (ye) is taken as equal to the mean height of the frustum of pyramids 
for eada toe, ■ She graph for;,film temperature shows the least scatter 
(i 20-par cent), . *ihis fact suggests tot for the large temperature ■ 
difference between the mean inside wall temperature and mean water 
hulk temperature the physical properties of water should be 
evaluated at film iecperafure, ■ She m m  canolusicnms readied . 
when the. correlatian m s  based on the friction Telocity,
. ^©correlation of the Copefs^^ and Sams^*^ results on- 
rough tubes hj using the above method9 will be discussed latere
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■ ■■CBfiHEBg X,
gaacaacKf* .
(a) Friction Data with no heat addition* .
Coiparism of friction coefficients* .
A Comparison of the average isothermal friction coefficients 
• obtailed 'herein for -Hie smooth tsibe and rougli tubes "A**! WBW end : 
"G* is presented M  Figure lQ«l, where ifc is plotted against
wwtt^ -™aw,» . Also included is the Blasius line (solid) representing
the relation "between friction coefficient and EejnoXds number for .'
' turbulent flow, in smooth tubes, nM.dk is
. ©ie data for the smooth tdbe shear good agreement with the,
Blasius line for- Ueyw&dM numbers tjp to 100,000*- However, points . 
obtained at %  100,000 deviate cmsidembl^r upwards*
• ©ae. data for- rough tubes tA% "B** and WC" follow patterns 
g&mtyhai similar to that obtained for the Kiknr&dse sand-grain rou^a- 
tube e^crimmts of Heferenc© £8*
■ Jxi the writerb case the friction coefficients were obtained for 
the region of complete turbulence (l@ 1CXXX)) and therefore, the graphs 
do not show the region then, the' lines break, awaj from the Blasius line* 
3h the tritarts' case the curves ©re hcrlsosital lines (that is, 
independent of Be^ mo-lds number) at a level appropriate to the - degree 
of rougpmess*
. In -the complete turbulence Region, the friction coefficient 
for each tube is a constant (independent of Heralds number) j - 
.the value Of eadi constant depends ®ly m  the overall degree of ■ ■ 
roughness, .as influenced by -the pertinent geometric factors*
In the region of, incomplete turbulence, which is not shown in 
the writer’s ease,, the conventional roughness ratio stay .fee expected 
to be influential inasmuch asthe effect of a projection depends m  
its hei^at relative to the height of the laminar boundary layer# 
Hence, the incomplete turbulence region ©ay fee ejected to prevail.
- over a decreasing Ee^noMs nuifser range as the conventional rou^mess 
ratio increases* - .
2h the laminar-f low region ■ the effect of surface roughness is 
negligible*
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' ! Conventional correlation leased \m bulk teirrpera-fere*: ■ • -v *
' fee. average f^ iatioii ooeffioxents obtained herein fer^moOfe'
tubes*1]!)** and **En mfeheai aMitim are presented in fee ccnventianal
w w a f  in Fig® 10*2'and 310*3 respectivelyf where the coefficient of ‘
'■. ' ' V ■■'■ ■' ; •■. : : ':. 0 ± t-IX ' ' .= 1 >■■■ >■■
friction is plotted against Reynolds timber (*»;■■ &  )* Included for .
comparison are ‘fee .data for no heat .addition, and fee line representing 
fee Blasius relatieat : ■ ; , ,/ ;
rv-v.Sie.^r^a. in Figs* lQ*.g.snd 2.0*3. feaw feat* for Reynolds numbers 
iV 'to 50*000*, fee data wife heat addition are in fair agreement wife ■ 
feose for'no ;heat addition* . Wife .Increasing Reynolds number fee 
friction coefficients pro^esstvely increase and at H@ » 250,030 (say), 
fee difference is about 5 to 6' per cent* 3h fee case of smooth tube 
”E” feds'difference is less than J par .cent* '
■ fee data: for rot*{Ji ttihes. nA n g **B* and WC% %hen plotted In this 
manner* feow good agreement .wife feose for m  heat addition* feis 
fact.verifies feat fee friction coefficient is a function of fee.. .' 
relatlire rou^mess only*. ,
Modified film friction based on film femperatures*
Modified film friction coefficients for smooth tubes *B* and 
HEW wife heat addition are presented In Figs* 10.1 and 10*3 respectively, 
where ff is plotted against , fee modified Reynolds number .
included In Figs.lO*! and 10*5 are fee data for no heat/addition and fee .
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CORRELATION OF FILM FRICTION C O E FFIC IE N T  
WITH MODIFIED F ILM REYNOLDS NUMBER  
FOR TUBE WITH HEAD ADDITIONS.
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ROUGHNESS RATIO T  = 0 - 0 3 0 9
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0 0 5
0- 02
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BLASIUS RELATION
0-001
52. 3 5 sx4 42 3
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C O R R E L A T IO N  O F F IL M  F R IC T IO N  C O E F F IC IE N T S  
W ITH  M O D IF IE D  F IL M  R E Y N O L D S  N U M B E R  
FO R T U B E  W IT H  H E A T A D D IT IO N  
DATA FO R R O UG H TU B E  'B ' C O N V E N T IO N A L  
RO U G H N ESS R A TIO  |  =  O ' 0 2 2 7 8
0 -0 4
0 -0 3
0-02
•XXX XX X <
0*01
.1_
ISOTHERMAL
WITH HEAT ADDITION
BLASIUS RELATION
0-001
5 6X10462 33 54 2
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C O R R E LA TIO N  OF FILM  FR IC T IO N  C O E F F IC IE N T S  
W ITH  M O D IF IE D  F IL M  R E Y N O L D S  N U M B E R  
FOR A T U B E  WI TH HEAT A D D IT IO N .
DATA FOR R O UG H T U B E  C .C O N V E N T IO N A L  
R O U G H N ESS R A T IO  I  =  O O I 4 6 5
0-04-
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0- 01 
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COMPARISON OF FRICTION C O EFFIC IEN TS FOR 
R O UG H TUBES A ,B , AND C , AND S M O O TH  
TUBE D. PH YSIC A L PRO PERTIES O F WATER 
EVALUATED AT FILM TE M P E R A TU R E
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CONVENTIONAL 
ROUGHNESS RATIO
TUBE A  A
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MOOIFIED FILM REYNOLDS N U M B E R ,  ^  f
line representing the Blasius relation.* • She graphs show that the 
points plotted fro® the data with heat addition ©re higher than those 
with no heat addition* e^eei&Xly for aaooth tube WD%
, , Sie frictim data, for. roogh tubes..*1% W.and. nCH platted in. 
Hie same manner* are. prescribed in Figs, 10*6* 10*? and 10*8 
respectively* .Yfelcih is Hie. order of decreasing surface roominess* , 
Joe each of. Hie tubes InYestigated however* the data follow a cursre ' 
characteristic to that particular "degree1 of surface roughness as !/ 
previously pointed out for .the, isoHiermal data*
Ccmparism of Hie e^>erimmtal results with Hie
obtained for tubes WA %  **B” and WCH with those obtained by Mtcura&se
for IHfeura&se
She present, writer has compared Hio friction coefficients
using. Hie, ©and-grain 1ype roughness end finds' that for the same
(**' *t ) - sr@ follows? 
; '$he writer Nikura&se
FIG. 10* 10
CORRELATION OF ROUGHNESS FUNCTION ( ^ - 2  LOG 
WITH ROUGHNESS CHARACTERISTIC e
DATA FOR ROUGH TUBES A ,B  AND C
HM
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She equivalent sand values ares
M b ©  "A* ©3 m 0*041 instead of © as 0*019
Suibe "B" ©s « 0.0302 instead cf © m 0.014
fube ”Cn ©s » O.COL944 instead of © a 0.009
For eadh tub© 'the value of ©3 is 2~X6 times (e) the frustum 
of pyramid hei^it.' Cope, in his investigation, obtained values - ■
of ©s/e in excess of 2 using pyramid-type roughness, Sehlichting
(193^ ) obtained values exceeding" 10, using angles ©paced at right 
angles to the flow, about tea tines their height aperi* Bcpf and
From (1923) obtained a value of 2.3, using wire mesh
pipes MA%  "3* and WCM behave in the square-law region as if -they 
■were geometrically1 similar. ■ In the writer1© case the 'curve is a
XTan&tl and Ton Kaman have shown that the results of Wi&uradse#s 
experiments on sand-grain rough pipes can be represented by an 
equation of the tom
Hie curve connecting the roughness function (jjj - 2 log “ )
pV
and the roughness characteristic (see Fig*10*10) shows that
W p " 2100 10.2
1 - 2  log 5 » 1.74 (in turbulent region)■me* Q 10*3
Comparing the writer1© equation with the Mcura&s© equation 
it can be seen that the' equivalent sand grain value is 2*16 times 
the frusttm-cfpyramid Abi^ ht' in. the writer*© case#' ■ •'; „ " ;: *
a v e r a g e  h e a t  t r a n s f e r
P H Y S IC A L P R O P E R TIE S  O F W ATER EVALUATED  
AT BULK TEM PER A TU R E [T b ]
DATA FOR ROUGH TU B E S  A ,6 ,C  & SM O O TH  TUBE D
1-2 A10
TUBE A [EQUATION 9 *2  j
TUBE B  [EQUATION 9 -4 -  ]
TU B E  C [EQUATION 9 * 6  ]
TUBE A [EQUATION 9 -1  ]— k
T U B E  B [E Q U A T IO N  9 - 3
T U B E  C [E Q U A T IO N  9 * 5  
4- TUBE D [EQUATION 8*4
T U B E  D [E Q U A T IO N  8 * 3  ]
co io r 0*0 0*4
Nu = 0* 023 [Re] Pr
c o n v e n t i o n a l  
ROUGHNESS RATIO
TUBE e/T
+ —  A — 0*0309
0 _  B - 0*02278
A _ C — 0-01465
□ _  D •0
Me ADAMS
5 7 8 9 10' 4 $X 10
REYNOLDS N U M B E R , J°b Vb DAX b
AVERAGE HEAT TRANSFER
PHYSICAL PROPERTIES OF WATER EVALUATED
AT FILM TEMPERATURE f T-f )
DATA FOR ROUGH TUBES A ,B ,C , AND SMOOTH TUBE D.
I TUBE A EQUATION 9-14 
TUBE B EQUATION 3 16
JTUBE C EQUATION 9- 18
__ TUBE A EQUATION 9 - 3 ^
o
TUBE D EQUATION 812TUBE B EQUATION 9-15
TUBE C EQUATION 9 17
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o
TUBE D EQUATION 8- II
o
cc aLU
CQ Nu - 0-023 ( Re) 0-8 Pr 0 Aco
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Q
Z  sLUUDtn CONVENTIONAL 
ROUGHNES5 RATIOTUBEDC
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0 - 0 3 0 9
0 - 0 2 2 7 8
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FIG. II • 3
V A R IA T IO N S  O F C O E F F IC IE N T  O F HEAT  
T R A N S F E R  ( k )  W ITH V E LO C ITY  FOR ROUGH  
TUBES A ,B ,C  A N D  S M O O T H  TUBE D
U_
TUBE C O N V E N T I O N A L
R O U G H N E S S  RATIO
A  0 - 0 3 0 9
O- 0 1 6 4 5
TUBE - A 
TUBE - 6  
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1/7
-d
i__i
O
H<o'
VELOCITY,  ( lJ) -fh/SEC
114
”A*«' *BW 'and »0» and mooth tube' WD*.■HwqMMfliMH^ MBaMMaMBaaaMKMisaaiMaMaansaBesamMattsvBnBBs^ ^
To compare the coefficient cf heat transfer for each of the 
rough tubes MA% "B" and w0t with that fat smooth tube WB% the
■ ■ graphs of ' against Reynolds number were plotted In Figs*
11*1 and 11*2, where the- physical properties of water being •:
evaluated at bulk and film temperature respectively*
Comparing the curves cf Fig* 11.1 with the corresponding
Curves cf Fig* 11*2 it can be seen that for the same region of
Be in the case when the physical properties of water are evaluated
' at f!3m temperature the .slopes of the graphs are greater than when
the bulk temperature is. used and the. Value of ordinates decreases*
It has already been proved that for a large difference between water
bulk temperature (%) and the tube-inner wall temperature (ts) the
physical properties of water should be evaluated at the film temperature
(if) where tg» » .* The same conclusion was reached by
McAdams* after investigations of the :^ erlmental data, obtained by ; ■
> many^investii^tWs*;
To ccsrpare the coefficient cf heat transfer for all tubes wdthout
liking Into account the effect cf temperature m. the physical
properties cf water, the writer plotted in Fig. 11*3 the coefficient
of heat transfer against the velocity cf flow* The general
iktharacteristics of the curves, are similar to those cf Figs. 11*1 
and ll* 2* ;
1X5
By plotting the ratio of the coefficient of' heat transfer- for 
each rau^tubeio the coefficient cf heat transfer for the smooth 
tube cf the same inner diameter it can he seen that this ratio 
decreases as the velocity of flow increases* Ihis fact suggests 
a possible application cf rough surfaces in the Building of heat 
' exchangers there the velocities cf flow are rather small (up to 
7 fi*/see*
, Cqp® found that at lower, rates cf flow 'This * pipes "A* and 
f!Bw showed a considerable increase, in heat transfer* She magnitude 
. Of' the increase iin heat transfer in “his case is less y/ tho 
■ c-'than? - in the writer * s case* As ifoe velocity of flow increases ■ 
the.ratio of heat transfer for a rough tube to heat transfer,for 
a smooth inibe decreases faster in Ccpe*s case than in the writer’s 
Case* ,
■ The Sams* experimental results show that the heat transfer increases 
as the velocity cf flow increases which is opposite to Cepe1® and 
writer *s findings*
. She phenomena cf .Increase In average coefficient cf; heat transfer 
by introducing the roughness. on the inner surface of; the tube may be 
explained. .In. tie. following way*
%  introducing the imer-surface roughness eddies' are set up due 
to which the' laminar' flow is broken tp into turbulent flow'at a lower 
velocity' cf flow- than In the: case cf a smooth tube* ■ ' Du the other : 
hand, for the same mass:flow,'■■the’ path length; of all particles cf the 
liquid, especially those near- the tube wall, increases* - It means that
cadi particle coses into contact with a greater number of other 
particles than in the case, cf a mooth tube, and therefore 
increases the rate cf heat transmission*.
HO
RS
E-
 
P
O
W
E
R
 
T
R
A
N
S
F
E
R
E
D
 
IN
 
H
O
R
S
E
-
P
O
W
E
R
 
TO 
O
V
E
R
C
O
M
E
 
Ft 8
7
6
5
4
3
a
410
9
8
7
5
A
3
2
310
9
0-88
7
0-66
5
TUBE C
4
T U B E  B  
T U B E  A
Z
2
210
4030207 8 9 10S3 4 62
VELOCITY OF FLOW Ft / oCCC
RA
TI
O 
O
F
117
Chapter X U .
She Effect of Roughness m. Efficiency at Different; velocities of flow*
She ratio cf hcrse-power transferred in heat to horse-power used 
in ©vercoaing friction is giirm in Tables 22, 23, 24 and 25, end 
plotted ©gainst Telocity of flovr in Fig. 12.1
The graph shows that the ratio of the horse-power transmitted in 
heat to hcrse-power used to overcome the friction varies only a small 
amount for all heights of roughness# This performance ratio is a 
quantity those Talus Taries from, about a million at low velocities 
of flow to a few hundred at high velocities. Mien the ratio of 
the efficiency of each cf the rough tubes to the efficiency cf the 
smooth tube *Dn is plotted against the velocity of flow, it can he 
. seen that the smooth tiibe is mere efficient than any of the rough 
tubes# ' The same ecmclusicn m s  reached by Cepe.
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Chapter m i .
- w in i i i  nnwnnii'iiiim.il «w laimn'i mriwii uivii •
ggsnparisQgi between feesisuge Brep and Heat'"transfer» ;
She results cf'pressure drag, both for smooth'' tube ”Dn end rough 
tube; n&*V *B* and are given in fables 2,3, V end 5 end'are 
plotted In'Fig*- 13*1 against the velocity of flow*
!The curves show that the pressure drcp at any velocity of flow 
increases as. the roughness increases* ■
; Casparing the increase of the average coefficient of heat 
transfer with the increase in pressure drop at the same velocity of 
flow* it is apparent that for' any roughness, the increase ratio of 
the pressure drop is greater than, the increase ratio, of the average 
coefficient of heat transfer at any velocity of flow*
CORRELATION O F (  ^  0 4- )  WITH (  \  )  FOR 
DIFFERENT REYNOLDS NUMBERS 
DATA FOR ROUGH TUBES A, B AND C
[Re =320000
[Re --380000
[Re = 120000 
Re --100000
Re* 80000
o 'Re * 60000
|R« -• 50000 
Re- 40000
$ Re«30000
Re * 20000
LU
CO
3
LU
to <rQc
CL
0 01
0 -0 3 0 04-
mChap te r  XXf».■yiia tf»■r^ u^ juat.twwfcw.ii'i.m" »a« .
Effect of the Conventional.
l » f f is e r t i a a * B 6« s « F m *a s Mii^ nirifrmimr’n’riigir ■yuc i n... 'fi.iAtj.'i > ir.i'.Kai
( § ) on Heat tansfer.
ratio-
She values of ( ^ r /  r*r of definite-'Values of ^ f r# for 
rou^h tubes V , 1 and nC” of different comrenticnal routness 
ratios, were,, found from curves ( ^ r/^rfr0®**’) agsdnst B@ r ’ and are
£*.« 0.4given in fables 19, 20 and 21. Shese values of (^T*/ ^ f rv*^ ) 
were plotted against ( ) cn logarithmic scale paper- in Fig. 14*1 *
which shows that, for each value Of Reynolds number, the. relation . 
between ( ^ ^ r /  ^ r  °*^) and ( |* ) c m  be represented by a strai^it
line of the following equation*
^ r / Frfr « constant ( ^ ..«»««.•#.«**.»•••*•* 14*1
toese lin es  are not p a ^ l l e l  and toe elem ent n has a d iffe ren t 
value fo r  eato value of R e ^  toe values of n fo r  d iffe re n t Reynolds
numbers are given in the table below.
Sefr 20000 30000 40000 50000 60000 80000 iooooo| 32000QQ|160000
n 0.2062 0.1946 0.1856 0.181 0.1776 0.1742 0.1686 0.166 0.150
B*r 170000
'
280000 380000
n 0.14-35 0.1272 0.113
1 l'.'IG. 14-2
EFFECT OF REYNOLDS NUMBER ON THE POWER ( n )
0-01
6 K
MODIFIED REYNOLDS NUMBER
FOR ROUGH TUBES A ,B  AND C OF DIFFERENT ROUGHNESS 
PHYSICAL PROPERTIES OF WATER EVALUATED AT FILM
TEMPERATURE
CONVENTIONAL 
ROUGHNESS RATIO
0-03Q9
TUBE
oo0 - 2278
IX
u .
6 7 8 9 I052 3 4-4- 5S 32
9-F Vb D
MODIFIED REYNOLDS NUMBER . — -----------
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To determine the effect of ^ ®fr on the exponent n, the values 
of were plotted against a on loipriihmic-scale paper in 
Fig, 14<»2, It can he seen that this relation can he represented 
by means of . two straight lines of the following equations?
fee ^ ®fj, <. 160000
- 0,111$
a  « 0.62^5 ( ^ r )      14,2
and for > I6GOO0
* -0,328
a  *  7*64 ( ^ r )  •    14.3
By introducing the dimensicnless group ( ~ ) raised to the
power (n), with (n) having the above values, the writer has accordingly
^  ^ 0*1148
^oulated (2)0.6285 fetr)
t«  < 160000 ( S / * * ?  °'S / (J j m ^ 0*328
for Refr >160000 for all rough tubes and plotted them against 
on logarithmic-scale p^ >er.
Fig, 14*3 shows that all the results for rou^i tubes "A% "B" and 
*,CH are well represented by means / .'of two straight lines of the 
following eqpatienss .
for C 160000
- 0*1148
Kufj. * X.0if,Eef_ 0,573 Prfr ^  C f  )0,6285 • • • • • •
121
end for Ee > 160000 &ncf /?«. <  e o o o o o  .
Hufr » 2.535(^r)P*4S8 % r°’4 ( |
vdth maximum variation £ 6 per cent.
14.5
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COMPARISON OF THE WRITER’S RESULTS WITH 
SAMS RESULTS FOR AIR FLOWING THROUGH SQUARE THREAD 
TYPE ROUGHNESS AND COPE RESULTS WITH WATER FLOWING 
THROUGH PYRAMID TYPE ROUGHNESS
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Chaster TT. ■musmssatntmmmmmBmm
' Comparison of the writer*s results cm heat - transfer with
those of the other investigators* . ■ - /
Heat transfer’ data for rough tubes are very* limited and, to 
the writer’s knowledge cmly Cope carried out experiments on water 
flowing tbrou^i tubes having- pyramid-type roominess, and Cams on 
air flowing throu# tubes having square-thread-iype roughness.
The results of Cope, Sams, and the writer’s experiments on rough 
tubes ©re presented in J?ig* 15*1* 3h Cepe’s, case, the difference 
between the average surface temperature and the average water bulk 
■^ ■tessperature is small and the heat is transferred from the water to 
the tube- wail (cooling case). The heat transfer for tube "A" and 
"B" increases with increase in roitghness,especially at lower 
Reynolds numbers. As the Reynolds nutnber increases the rate of 
increase in heat transfer decreases and approaches to Ho Adams’ 
strai^ xt line for a smooth tube* The results for rou$i tube WCW 
are below those for the smooth tube*
V • The Sams results, presented in fig* 15*1, are for the physical 
properties of air’evaluated at average surface tenperature as the 
results for film and bulk temperatures ©re not available* * • Fig. 15*1 
shows that, in the Sams case, the heat transfer increases with 
increase in surface rou^mess, becoming more pronounced -with increase 
in Reynolds number. Another characteristic feature of the Sams 
results is that the experimental points for the tubes **Aff and *Bn 
fall nearly cm the same curve, while those for tube nCw fall nearly
123
m  the curve tap the smooth tube.-
the write's case,/for'the e^erlme^’hiX clata presented in 
Pig. the physical -properties. of. water ore evaluated at the: .
average surface iessper&iure to enable them to be compared with ,
Sams* results, . which are, also based m  surface- temperature (when .the 
effect cf. evaluation. of' the, physical. properties of water at bulk, 
f  i3m. and; surface- tanperatures on the correlation between Husselt 
number, Rren&il number and Reynolds nurriber was considered, .the - 
writer; suggested;.that the average film temperature Should be used)#.
, the liter's case the heat transfer increases with increase 
in surface .roughness, and is more pronounced at lower Refolds. , 
numbers* As the Refolds number Increases the rat© .of increase:
. in heat 'transfer -decreases* ; 4 .
Mien the writer's results are ccrpared with Sams1 results it 
■ -can be seen that, for Ref » 3OQG0, ..the writers results are 19 per 
.cent hi#ar than Sams*, results for his tubes "A** and "B*# As the 
Rejmolds number increases,- this, difference decreases,, and for 
Re » 60,000 and upwards .the writer's resists are in good agreement 
with .Sams' results*,., ;
< ; la the write's .case -the results for rough .tees”A’J,"Bw and *Q* 
fall close, together- for .all Reynolds numbers - investigate*. - ■
" ' Another characterIstie feature-.of the write's results is that • 
Hie correlation betweai llu /  H * a n d  Re for each tube cannot be 
represented by an eguatim ; of: a single straight line when presented 
m  logarithmic-scale paper*
In actual fact, the "best correlation could he obtained by 
. drawing an experiential curve “whose 'equation might he very difficult 
to' define. and cuasSberscsne in application*' : She. present ■ writer has 
■ cone to the condusicn that the correlation between IluAr an&
. Be. can he represented by means of two .straight lines,, each covering 
a different range of Beynol&s number* ■ !2ie error introduced by this 
method is very small and can be neglected* ■' / _  . ■ .;; : ...
'Si© general characteristics of Hie'curves for the smooth tube 
are' similar to' those for Hie rough tabes* ■ '
125
and Conclusions.
An investigation of heat transfer and friction m s  conducted 
with water flowing threu#i steaa4ieated smooth and rough tubes 
having various decrees of frustii3^ f~p30*ami& i&p® routness, an ' 
inside diameter if 1*23 inch for the copper tubes and 1.25 inch 
for the brass tiibej -all tdbes had a length cf 39 indies.
Bata were obtained for rough tubes having conventional roughness 
ratios (height cf frustum cf p^rami^/radius cf tube) cf 0 (smooth 
tubes), 0*0305, 0.02278 and 0*01M >5 over a range of bulk Be^nolds 
number fraa 5,000 up to 540,000. She results cf M s  investigation 
are as fellews:
(a) She esperimaital data shows that both heat-transfer 
and friction increase with increase in surface 
roughness* Hie increase in friction, then compared 
■ with that for a eaooth tube,:-is.greater than the 
increase in the average coefficient of heat-irans?er*
■ (b) Hie maadmum increase In average heat-transfer
coefficient for rou^i tubes, compared with that cf 
the smooth tube, takes place at low Be^ndds numbers.
As the Beholds number increases there is a decrease . 
in the rate cf increase in heat-transfer due to 
roughness*
(c) She heat^transfer coefficieat does not increase in the 
same ratio as ihe increase in roughness from tube to 
tube.
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(d) The relation between /J?r assd Be, for the
whole range of Reynolds number investigated 
cannot he represented by the equation cf a 
single straight line* The distribution of the 
experimental points shows that this relation can 
be represented by means of two straight lines 
(each line for a certain range of Reynolds number)* 
In fact the best correlation could be obtained by 
drawing a curve which would have decreasing slope 
with increasing Reynolds number* Graph 16*1 
shows a family of curves which behave in the 
similar way as in the writer’s case*
(e) For the high temperature difference between the
average inner surface temperature and the average 
water bulk tenperature the best correlation between 
G*^ and R© is obtained when the physical 
properties of water are evaluated at the average 
film temperature*
(f) She correlation between the heat-transfer coefficient
and the overall roughness for all tubes investigated 
was obtained in the following way:
1* %  introducing the friction v e lo c ity  into
the Reynolds n u m b er and by evaluating the 
physical properties of water at the average 
film temperature the following equations 
were obtained:
tar Ee ^ 12000
0.358 C ^ r ~ ~  )°'m  ( - ^ ) 0*4
©ndfcrE* > 12000: <  4-3<?oo .©
I . M 3  ) « *
2* ly letting the eddy diffusivitsr for beat 
be eqtial to that f o r  m a m m t a t ' r ' ■ 
ihe following equation was obtained for 
the whole range of Reynolds number 
investigated* ■
JTJB
23P - 1(1 + 0 . ^ %  - l)i+i(0.0370S(s il
P f
m { .4<B?f 1 1  i . 3 7 0 9 (~ ^  , Erf  ) ° * 7S?
3* ; j^ r introducing the cm veniicm l roughness ra tio  
(§  )$ the follow ing equations were obtained: •
f©TEe <  1&3OO0
IIupj. = 1.0k E*£j. 0,573 ETfp 0,4 (|) 0,6285 (Eefi-T°”lllta
and fo r  E© >  1^0000 G n c f &c. < , <£ o o o  o o .
Jtaft. •  2.535 E e fr°*49^ f r  ° *4  ( f ) 7*64 ($ *e r)" ° '328
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(g) Ihe experimental points for the smooth tubes
Investigated show that the correlation between 
. .. emft Ee can he obtained by two straight
■ lines in' the. same ussy as for- the rough tubes* 
Evaluating the physical prcperties of water at 
’ the average film toaperature, the following 
.• equations ware obtained?
Saooth tube wDn (ecppes?) 
fee Be <  135000
* 0.018S ( ^ - ^ - ) 0*81 ( M l  )°*4
%  ' ■ V
For Be >  133000 f3c?ooo.
hi) „ ,9S V\P  a0.67 **f ,0.4.
%  « 0.0949 (-— ■) (-g—  }
Smooth tuba "E" (Brass)
Bor Ee <  135000'
a  . ( 4 ^ 2 ) ° . »
For Ee > 135000 -ana/ R e  < G f o o o o .
g  . 0.103 ( " V . J W 3 5
(h) OcKpariag for rough end smooth tubes, the ratio
Of heat transferred in horsepower "to horse-power 
: required to overcome the associated friction',' at ■
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. the same velocity ©f flow, It can be sees* that 
snooih tubes are more efficient* ‘ ‘
(!) ' We find that by evaluating the physical properties
■ of mter at average bulk temperature, average film
■ temperature, and sverage inner surface temperature, ■ 
the slopes'©f the straight lines correlating the ■ 
relaiim between °*^ m d  Ee increase
. respectively,7
(i) She isothermal friction for the rou^i tubes,.. when 
plotted In the conventional manner, results in 
curves similar ■to those obtained by other Investigators* 
Wfoatls, the' friction, coefficient for a given roughness 
breaks away from .the' ELasius line (representing . 
turbulent flow in smooth tubes) at son© value cf 
Reynolds number, and then follows a horizontal line 
(that is, a line independent of Reynolds number)*
A further comparison of the friction data indicates 
’ that, for geometrically similar routness, ...the 
conventiootial roughness ratio is ©a adequate measure 
of the relative roughness, as m s  shown by JCarman 
. after having studied*Nikuradsefs e2p>erhimtal results 
, on sand-grain. type roughness* ■
(k) Wo obtain the same coefficient of friction the
equivalent san&<“»gr&ia roughness factor is 2*16 tl®©s 
the frustum^of-pyraiiDji'hei^xt in the writer’s case*
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Sie same conclusion m s  readied by Cop© (his 
equivalent ©and-graia rou^mess is more than 
twice the pyramid height, by Wrarn (his equivalent 
sand-graha rou^mess factor is 2.3).
(1) For the mooih tubes the coefficient cf friction
is a function cf Reynolds number. As the Reynolds 
number increases, the friction coefficient 
decreases, and up to Re m 100,000 the results are 
- in good agreement with Blasius* results* ‘ ' For 
Re > 100,000 the e^parimmtal results deviate 
. towards* ihe same results were obtained "by 
other investigators*
(m) Ihe correlation between the coefficient of friction 
and the roughness parameters was obtained by 
correlating the rou^mess function with the 
roughness characteristics* 
the following equation was obtained:
2 log .(•*) 1 :-
" ; '■ i 1 r \
Comparing fill von Kerman’s equation, (■*—  - 2 log r* « 1*7%
. . . . .  i%g ■■■■-: .>•
the equivalent san&~graia«iyp@ roughness is 2-16 times 
the frustuia-cf'-pyramid hei^it used by the writer*.
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(a) She friction coefficient fcr'rough "tubes with
heat addition is nearly the same' as for- isothermal 
friction (the friction i^fuaotloas of relative . : 
rougjhn&ss only)* M  the case of snooth itibes, ■
' when the friction is plotted against the Reynolds 
msaber correlated for average bullc water temperature, 
average film temperature and average surface 
temperature* the effect cf temperature an the 
viscosity of the water cm he seen*'
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A* Calibration of tfhemoeooiplea*
P articu lars o f the wire used end of the in s ta lla tio n
of thermocouples have been given lax Chapter (5 ).
The procedure adopted in  calib rating  the thermocouples
was th a t recooimm&ed by Eoeser, #10 stated th at an equation
o.of. the form E » a t 4 b t would give interpolated values in  
the range 0 -  10Q°C almost as accurately as e*m*f* could be 
determined a t the calib ratio n  points (E » e*m*f* ia ^ T , t  *
Temp# °C, a ©ndb are constants)* He suggested that the 
values of the constants should be determined by calibration  
a t about l00°0  and 50°C. 3h  the present work ihe calib ratio n
was carried out w ith a hypsoaeter* using steam produced from  
d is tille d  water and chlerafora* She barometer pressures ware 
757 mm* c f Eg and 755 mm* i f  %  respectively* She steam 
points were obtained a t the respective pressures and the b o ilin g  
point of chloroform was taken as:
t  m 61.2 + O.WL x (755 -  7S0) a 6o.925°0 
according to  ihe Handbook cf Chemistry and Physics* She 
values of the e*m*f• determined fo r water and chloroform were 
4*439 and 2,626 /to f respectively* To determine the values c f 
a and b the fallow ing equations were used:
4,439 *  99.61a + (99 .6 l)%
2,626 9  60*995a. 4 (60*995) ^b 
Hence a *  40*66 b » 3*913 *  10~2
eH
M
&J
.-.
r
t:
-n = T rr
.; nut
ti i
She calibration equation m s  therefore
E * 40.65 t * 3.913 2 10"2 t2 .................
I^ raa equation ( I )  the values cf E w @  calculated for 
temperatures from. 0^0 to 100°C ©nd. the calibration curve m s  
dram in units#
, ©is same- potentiometer m s  used in the 'calibration 
and in all the tests cf the investigations*.
. ffiiis is a lin&lev instasamt (type 31S4, 0-1#8 volts 
40 etas, #05 ©saps) tMch can'he read accurately to h i ?*
. , $h® quantity of mis? discharged m s  calculated using
equation
Q m $•$$. CUSCO# c£'fafn&4{^)'Otrt f k e  c o i'f-^ ra  £/'&** 
■ fhere S is the "V” notdi-discharge Bead#
. She velocity cf flew m s  calliStated by dividing the ' 
quantity* cf water discharged by ike cross-section area#
KSEmxxx 2# ,
m p z m m m  results
The ©;xperimental results for rough and smooth tubes show that by 
introducing roughness both heat transfer and friction increase#:, - The 
increase in friction is higher than the increase in heat transfer at the 
same velocity of flow.
The actual increase in heat transfer, egress as horse-power, is 
many times greater than the increase in horse-power expended in overcoming 
the associated friction# This fact suggests the possibility of the 
application of rough surfaces in building heat exchangers where the -thermal 
ratio and size of the heat exchangers are very important, and in all cases 
where an increase in heat transfer is required.
The present writer considers that the rough surfaces can be used in 
the following branches of Engineerings**
a) .Aircraft and Missiles. ■
These, flying- at high speeds, are subjected to considerable ■■ 
aerodynamic heating. The most convenient medium for taking heat away 
would be the aircraft fuel, the quantity carried b^ang some relation 
to the flight duration. By this means the effective colorific value 
of the fuel is slightly increased, the heat abstracted from the 
atmosphere representing a saving of fuel# To increase the amount of 
heat taken away from the aircraft skin, the inner surf aces of the fuel 
■passages which are 'in. trie aircraft structure, 'could- be roughened. V 
artificially* The penalty paid for such an arrangement would be small 
as the actual horsepower required to maintain the flow is small#
/b) iJuclear Engineering*
Fast reactors, applied to aircraft propulsion, must "be much 
\: ■ smaller than those depending on thermal neutrons, and will offer acute
■ . i
heat transfer problems# '■. The heat exchangers used in conjunction with 
these reactors must he rather small and have a hi#i thermal ratio#
Shis can he achieved by using rough .tubes in their obstruction#
:  ■  ■  '  ■  .  i!
• ! 
c) Automobile Engineering# . I
■ • ■ ■ i
At present extensive work is being carried out to find the most ■! 
economical way of replacing the reciprocating engine used in motor. 
cars and trucks by the gas turbine engine# There are two main . 
difficulties in solving this problems* I
as |
(a) the reduction in specific fuel consumption of the gas. turbine ■! 
in order to iaak© it competitive with petrol and diesel -
■ . . .  ' I
engines,
(b) reduction in size of the heat exchanger#
Both problems could be solved to a certain extent by introducing, 
a heat exchanger built of rough tubes having the type cf roughness 
used by the writer# A reduction in specific fuel consumption could 
be achieved by having a heat exchanger of a. high thermal ratio# This 
high thermal ratio could be obtained with a heat exchanger built of 
smooth tubes having a large heat transfer area but the heat exchanger 
would be very large, bulky, heavy and expensive# By introducing 
' rough tubes it is possible to design a heat exchanger of very high 
thermal ratio end at the same time of a small size#
x %
Hien Tough tubes are used for heat ©xchangerS'th® friction losses 'will 
increase and therefore will affect the engine performance adversely to-a ■ 
certain extent hut the decrease in specific fuel consimptim, due to the 
high thermal ratio, is large*
In the •writer1 S' experience' the- thermal ratio of the heat exchanger 
used for a gas turbine truck engine should he 0*8 or even higher in order 
to achieve 'a low specific fuel consumption and to make the gas. turbine 
engine competitive with'the petrol or diesel engine#
Such>Kigh thermal ratio cannot he Obtained using smooth tubes in the 
heat exchanger*

TABLE 1
C J X iIB M g lO N  OF m m m O U F L E S
M aterial -  Copper-Const ant an
E = 40.66 t  + 3.913 x 10 “2t 2
t°c
10
20
30
40
30
60
70
80
90
1 0 0
t°f
50
68
86
104
122
140
158
176
194
E.M.J'./tV
410.513
828.850
1255.020
1688,990
2130.825
2580.468
3037.937
3503.232
3976.353
4457.300
table No. 2
Turn *Af (| = 0*0309)
AVERAGE HEM? TRAITSEER OVER THE TOOLS LEHGTH OP PIES Iffl | a 47.9
KOH HO* 1 : 2 ;■ .....3 . . 4 5 6
t (inlet) °F 60.00 60.40 62.00 64.80 73.00 78.00
w 0
107.50 104.25 105.50 103.80 109.60 115.15
tw ' (mean) F 83.78 82.33 83.78 84.30 91.30 96.58
Inside tube wall 
mean temp °P 16^.00 162.96 163.75 160.41 159.SI 161.62
t . ~ t °Fpirn wm 80.22 80.63 79.98 76.11 68.51 65.04
Ah(inch o f  water) 1.50 1.75 1.78 2.90 3.40 3.80
f 0.0166 0.0161 0,0160 0.0160 0.0162 0.0162
^ b 2.000 2.040 2. OCX) 2.010 1.820 1.720
tif 1.320 1.320 1.320 1.320 1.295 1.250
0.^35 0.950 0.950 0.960 0.970 0.960
*b 0.3565 0.3555 0.3565 0.3570 0.3605 O.3625
K f 0.3731 0.3728 0.3728 0.3730 0.3735 0.3746
K a 0.3850 0.3845 0.3843 0.3340 0.3837 0.3840
P r t 5.50 5.60 5.50 5.45 5.00 4.70
* V 3.48 3.52 3.50 3.52 3.45 3.33
Prs 2.40 2.45 2.45 2.49 2.50 2.48
pr^ °.4 1.977 1.990 1.977 1.970 1.904 1.858
Prf0*4 1.6fS 1.655 1.650 1.655 1.641 1.617
<
•0P4 1.419 1.431 1.431 1.441 1.442 1.438
Q(B.T.U/fthr) 82500 83700 81000 96000 96800 10)100
h(B.T.U/ft2hr°F) 1027.5 1037 1014 12a 3412 1600
H u b 296.0 299.2 291.5 362.5 401.5 452.5
Huf 282.6 285.5 279.0 346.9 387.5 432.5
KuS  . 274.2 276.8 270.5 337.0 3775 427.5
Hu^/Pr^o*4 149.7 150.3 147.5 184.0 211.0 243.8
H u ^ / P r ^ 0 *4 171.6 172.5 I69.O 209.5 236.0 271.0
Hus/Prs0*4 193.2 193.2 188.9 233.8 261.9 297.2
V ft/sec. 1.49 1.63 1.65 2.11 2.27 2.40
p 17100 18400 18960 24380 28600 32000
p A E/ pf 25690 28150 28450 36350 39900 43550
P s V / |J3 35900 38650 39000 49900 52700 56250
I > '
TUBS 'A* (f n 0.0309)
average heas teahsser over nis'CHOitS xceisgth ®  p ees  whsi | = 47.9
H M  TO. 7 8 9 10 11 12
tw (inlet) ®P 02.00 06,00 03.50 87.00 67.00 74.50
t (outlet) °P 110.50 113,10 113.70 110.00 92.00 98.10
twm (mean) T 1 96,25 99.55 101.10 98.50 79,80 66.30
m e ^ t s ^ bo/'rSl1 153.32. 154.02 153.25 152.46 145.48 146.13
tpim - t w-a °P 57.07 54.47 52.15 53.96 65.68 59.83
All (Inch of water) 5.00 5.45 6.00 9.50 12.75 13.70
t  0.0161 0,0158 0.0159 0.0159 0,0159 0.0158
Hjj 1.720 1.660 I.64O 1,680 2.100 1.935
nf 1.300 1.2750 1.265 1.290 1.460 1.400
Ha 1.020 1.000 1.020 1.020 1,080 1.080
\  0.3625 0.3639 0.3645 0.3635 0.3547 0.3580
Kf 0.3733 0.3740 0.3741 0.3735 0.3690 0.3705
Ks 0.3816 0.3820 0,3816 0.3812 O.3795 0.3800
Prb 4.70 4,50 4.45 4.60 5.85 5.31
Prf  3.45 3.40 3.395 3.45 3.20 3.75
Prs 2.64 2.60 2.65 2.67 2.85 2,82
Erb 0,4 1.858 1.825 1.816 1,841 2.023 1.947
Erf 0,4 1.641 1.632 1,630 1.641 1.723 ' 1,696
V *  1.474 1.465 1.478 1,481 1.521 1,514
Q(BiT,0/ft2hr) 91800 91800 89300 102000 132200 12700?
h(E.S.B/ft2hr°i?) 1603 1686 1713 1900 2013 2121 ,
454.5 . 475.0 482.0 535.5 581.5 608.0
Nuf 441.5 462.0 469.0 521.5 559.6 587.0
Eu 432,0 452.5 460.0 511.0 543.5 572.6s
HUj/EVh 0.4 244.6 260.1 265.2 290.3 286.5 312.0
44y£r|* °*4 269,0 283,0 287.8 345.0 324.5 376.0
T O / ^  9*4 293.0 309.0 311.2 345.5 355,0 378.1
7 ti/seo. 2.76 2,91 3.04 3.83 4.43 4.61
p^D/j^ 36750 40100 42560 52300 48500 54700
PjVjD/p.. 48200 51800 54500 67600 69100 74900
p V^D/u 60950 65500 67100 84800 92600 96500
AVERAGE HEM? TEMSPER O^ER THE IHCSLE LENGTH OF PIPS m m  I « 47,9u
EON NO. . 13.... 14 15 16 17 18
tw (inlet) °P 77.30 so. 50 88.50 91.25 94.10 97.00
tw (outlet) °P 100.30 : 101.80 106,17 108,05 ! 109,70 112.10
tw (mean) °F
Inside tribe wall 
mean temp °F
88,80
147.11
91.15
145,05
97.34
143.44
99.65
142.49
101.90
143.51
104.55
143.51
t . m • tL' °Fpim wm 58.31 ' 53.90 46.50 42.84 41. a 38.96
&h( inch of water) 14.50 16.55 20.42 21,70 24.50 26.30
O.OI58 0.0159 0.0153 0.0151 0.0153 0.0152
1.880 1* 820 1.700 1.660 1.600 1.585
1.380 1.382 1.350 1.340 1.340 1.300
: *. I.070 1.080 1.100 1.110 1.100 1.100
% 0.3593 O.36O5 0,3630 0.3640 0.3653 0.3655
Kf 0.3709 0.3710 0.3719 0.3720 0.3724 0.3730
K . - 
S ' 0.3801 0.5795 0.3790 0,3786 0.3790 0.3790
PV 5.15 5.00 4.63 4.51 4.35 4.29
Prf 3.71 3.67 3-60 3.51 3.53 3.50
Prs 2.80 2,85 2.90 2.93 2,90 2,90
0 *4 1.926 1.904 1.845 1.825 1.800 1.790
Pr" f ■ 1.689 1.682 1.668 1.662 1,656 1.650
pr^ 0«4 1.510 1.540 1.530 1.538 1.530 1.530
Q(B.T.U/ft2hr) 127000 125300 118000 115900 113700 114300
Ii(B.T.TJ/ft2hr°F) 2177 Z i Z S 2536 2705 2731 2935
' Mub 621.0 662.0 716,0 762.0 766,0 824.0
* * 602.0 643.0 700.0 746.0 752.0 .807.0
Hus 587.0 629.0 586.0 733.0 738.0 794.0
Hub/5Prb °*'* 322.3 347.9 388.0 417.1 425.0 460.0
K^ p/Pr^ , °*4 356.3 .382.0 419.5 443.5 454.0 489.0
l l u ° '* 388.5 408.5 448.0 477.0 482.0 512.0
V ft/sec 4.74 5.05 -■ 5.73 5.93 6.27 6.51
57850 63600 77100 81500 89500 94000
p f V A f 78200 83200 96500 1O075O 106700 114200
10CQ.00 105800 117700 121000 129100 134000
■f&EEBWo. 2 (Conttouea')
THBE *A* (| = 0.0309)
4VERASE HEiffi TMHSEER OVEK THE WHOLE H335TH 03? PIEE TSHEtJ g * 47.9
E M 3 i  :: _ 19 20 21 22 ..'23 .
t (inlet) °F 99.70 ’ 102.40 105.50 108,10 110.00 113.65
(outlet) °F 113.05 115.50 118.35 121.G2 123.59 124.00
tw (mean) °F : -
IE
106.38 108.95 111.93 114.56 116.90 118.83
Inside tube wall
■nva«« 4* arnn Of? ^1* 144.23 144.65 147.92 151.17 146.21
t , - t  °F ■ -pim ■ ■ ' ■ wm ' 35.26 35.28 32.72 33.34 34.27 27.38
4h(inch of water) 27.95 29.95 31.30 33,90 34.95 43.65
' f 0.0151 0.0151 0.0157 0.0150 0.0153 0.0153
1.550 1.500 1.460 1.420 1.385 1.360
*r.
I.300 1.270 1.255 1.220 1.190 1. 210
P 3 1.120 1.095 1.100 1.060 1.030 1.070
' ■ * b  ■ • O.3668 0.3677 0.3690 0.3700 0.3709 0,3715
% 0.3^0 0.3740 0.3745 0.3752 0.3761 0.3757
‘ . K■ s- 0.3785 0,3792 C.3791 O.38OO 0,3812 0.3799
4.15 4.02 3.90 3.76 3.71 3.65
* V 3.50 3.40 3.30 3.25 3.17 3.81
Prm i 2.95 2.89 2.87 2.80 2.68 2.80
Trh °*4 1.767 1.744 1*723 1,699 I.689 1.678
Prf ©** 1.650 I.632 1.613 1.602 1.587 „.l.^''
Pr .r 52s ■ ■ 1.542 1.529 1.524 1,510 1.484 1.510
Q(B.T.U/ft2hr) 104200 106200 103800 110300 318000 91000
h(B.T.TJ/n2hr°E) 2958 3010 3170 3310 3442 3355
»>b 827.0 839.0 £80.0 917.0 952.0 903.0
Hu, 813.0 624.O 867.0 904.0 938.0 893.0
- ® V 800.5 813.0 856.1 893.0 915.® 884.O
Htiy/Prb «*« 468.0 481.0 510.5 540.0 564.0 538.0
Hfcyfcrf 492.5 505.0 538.0 564.8 591.0 560.0
513.0 532.0 562.0 591.0 616.2 586.0
T ft/se<5* 6.73 6,97 7.00 7.33 7.50 8.37
W S > 99200 106300 109300 118400 123400 12S101
p f V ^ f 117750 124500 126800 137600 143200 157000
P S\ 2K 135900
143900 144000 157900 164430 177100
TfflluE Ho. 2 (Continued)
TUBE U* (| = 0.0309)
AYmMm heat m&HsiEE over of pies m m  | = 47*9
RXM MO. 29 26 . 27 23 ... 29. ___ 30
t <±^Xet) °P 116.50 118.45 120.00 121.80 122*90 125,40
t (outlet) °Fw 125.50 127.49 128,52 129.54 130.60 132,75
twm (mean) °P 121.20 122.95 124.16 125.70 126.75 129.08
Inside tub© wall 
mean temp op
t . - t Fpirn wm
146.39 146.95 146.84 146,94 143.43 149.34
25.19 24.00 22.78 21.24 21*68 20.26
* *• * * 
**h(inch of water) 46.00 52.00 53.50 56.50 59.00 63.50
f 0,0159 0.0158 0.0154 0.0155 0*0156 0.0159
A 1.340 1.311 I.3OO 1.280 1*270 1.250
1.200 1.200 1.180 1.165 >•160 1.140
|As 1.070 1.070 1.070 I.070 1.060 1.050
0,3720 0.3727 0.3730 0,3733 0*3740 0.3747
%  '• ■ O.376O 0.3765 0.3766 0,3770 0.3774 0,3778
K . . s 0.3800 0.3800 0.3800 0.3800 0.3803 0.3805
***> 3.55 3.50 3.49 3.41 3.39 3.34
Prf 3.20 3.15 3.15 3.10 3.07 3.00
pr 
' 8 2.80 2,80 2.80 2.80 2.75 2.73
Pr^o.4 1,660 I.65O 1,649 1.632 1.630 1.619
Prf *>•« 1.593 1.534 2.584 1.572 1,566 1,552
Pr• S n 1.510 1,510 1.510 1,510 1,500 1.495
Q(B,T«U/ft‘Tir) 91100 89600 8640O 83200 83900 82300
h(B.T.U/ft2hr°F) 3620 3730 3795 . 3915 3870 4060
996.0 1026.0 1042.0 1074.0 1061.0 1110.0
Huf 885,0 1014.0 1032,0 IO64.O 1650.0 1102,0
Elis 975.0 1005.0 1022.0 1056.0 1043.0 1094.0
Eut/Pr'b °*4 600.0 623.0 632.0 65O.O 651.O . 686,0
Huj/Prj, ®*4 618.0 640.0 652.0 : 676.0 670.0 709.0
Hu JSr 04 « 646.0 666.0 677.0 t 699.0 695.0 732.0
V ft/sec. 8.51 8.93 9.24 / 9.44; ; J‘ ' ; 9.63 9.83
P-o 142400 149300 157200 164400 168700 179500
P I63000 1720001 179250 ') i84ooo > 188200 196500
P s V K 182100 189800 195300 rt9?soo : 205500 213000
IAHLS 2 (Continued.)
, if jbb *a* « 0,0309)'
AVERAGE HEB TEfflSEES OVER THE WHOLE LENGTH OT HES TJHffl 5 = 47.9
■ E M  M V  . 31 32 33. . 31 . 35 3s
tw (inlet) °F ,: ; u s .10 118,50 120.90 122,00 121.10 127,00
t„ (outlet) °F 125,80 127.95 129,85 130,75 132.65 135.18
twm (m m ) F 120.95 123.23 125.38 126.33 128.38 131.09
Inside tub© waLl . 
nsan tegap*. 151.92 155.06 155,18 156.050 157.21 159,73
t . *"$"■• • °F "' pim • wm
&h(in6h' of water)
30.97 31.83 29,80 29,67 28,83 28,61
68,10 102,00 110,11 121,22 135,00 111,80
■. ■■ f 0,0152 0,0153 0,0151 0.0153 0,0155 0.0153
b 1.3W I.35O 1.290 1,280 1.260 1,210
'ii. 
f 1,160 1,110 1.135 1.120 1.110 1,080
P ■
*;s
'*b :
1.026 1,010 1.010 1.000 0.982 0,965
0*3720 0.3728 0,3735 0*3710 0.3711 0,3750
Kf
0*3790 0.3779 0.3780 0.3785 0.3790 0,3795
Ks 0*3815 0.3825 O.3825 0.3826 0.3830 0.3838
r~b 3.55 3.50 3.13 3.38 3.33 3.25
Prf 3.10 3.00 2*99 2*95 2.90 : 2,85
Prs 2,69 2. 60 2.60 2*59 2,55 2.50
Prb °*4 1*660 I.65O 1.633 1.627 1*618 1*602<;
Prf °*4 1.573 1.552 1.550 1*512 1.532 1.521
Pr o*4
' s , ■ 1.186 1.166 1.166 1*163 1.151 1.113
0,(B.T.U/ftTir) 130200 110000 138200 141100 111300 112600
h(B.T.U/ft2hr0F) 1205 1395 1630 4755 1990 1975
® V
1158,0 1208.0 1270.0 1303.9 I366.O 1326.0
Wuf 1113.0 U92.0 1255.0 1287.0 1318,0 1310.0
KV 1129.0 1178,0 12U.0 1271.0 1335.0 1296.0
NUj/P^0*4 698.0 732.0 773.0 801.0 811.0 828*0
Huf/Prf0*4 727.0 768.0 810.0 835.0 880.0 861.0
Kug/Pr. 0,4 760.0 801.0 876.O 87l|o 918.0 898,0
7 ft/sec* 11*96 12,79 13,37 ' 13*93 11. 61 15*11
Pb V ^ b 203500 215300 233900 ':i4 ® o o 263300 276500
Pf 231000 253700 266800 281500! Ai 297500 316500
ps  v ^ 3 261100 285500
298000 :spi5oo
.1 i.i
335500 353000
TABLE H o ,  2 (Continued)
truss #Af (| w  0*0309)
AVEKASS HEAT TRANSFER OVER TIB miCLE lENGTH OF PIES IS M  ^  = 47*9JJ
EON NO. 37 _  _38- . . . . . . . . . . . . . . .. 39.. 40 41 42
t (inlet) °F 128.50 129.50 131,45 132.85 134.05 137.00
i (outlet) °F 13S.10 137.58 138.15 139.17 140.68 342.60
twm (mean) °F
Inside tube wall 
mean temp* ©P
132.30
159.61
133.54
161.57
134.80
159.33
136,11
159.28
137.59
161.82
139.80
161.64
t . - t °Fpxm wm
h (inch of water)
27.39
172.00
28.03
177.05
24.53
189.00
23.27
225.00
24.23
265.00
21.87
345.00
f 0.0152 0.0155 0.0151 0.0152 O.OI50 0.0149
h
f
1.220
1.080
1.200
I.O65
1.185
1.060
1.170
1.060
1.160
1.050
1.140 
1.040
p- 
• s O.965O 0.9600 0.9750 0.9750 0.9600 0,9600
V 0.375!. O.376O 0.3763 0.3768 0.3771 O.3779
Kf 0.3796 0.3801 0.3800 0.3800 0.3310 0.3810
Ks O.3838 0,3840 0.3835 . 0.3870 0,3840 0.3840
Prb 3.24 3.18 3.I5 3.09 Y 3,08 3.00
Prf 2.85 2.80 2.80 2.80 2.70 2.70
Pr '3 2,50 2.47 2.50 2.50 2.48 2,48
pr °*4 1.601 1.588 1.533 1.570 1.565 1.552
0 * 4
£ 1.521 1.510 1.510 1.510 1.488 1.488
» p
1.443 1.436 1.443 1.442 1.438 1.433
Q(B.T.U/ftTir)
h(B.T.H/ft2hr°F)
146200
5345
I56OOO
5563
135400
5520
138900
5960
148900
6120
154000
7050
1458.0 1517.0 1504.0 1620.0 I663.O 1912.0
Huf 1442.0 1500.0 1488.0 1607.0 I646.O 1899.0
E«s 1427.0 1485.0 1475.0 1527,0' I634.O 1881.0
K'VPrb0M 910.0 955.0 950.0 1030*0 1062.0 1231.0
Nuf/trf0*‘ 943.0 993.0 985.0 1063.0 1107.0 1276.0
Hu /Pr °*4s s 989.0 1034.0 1022.0 1092.0 1137.0 1309.0
7 ft/sec. 16.69 16.73 17.50 19.05 20.82 213.89
Pb YbD/^ b 309500 317000 335300 366800 40100 474200
349100 355000 373500 406200 448500 518800
ps V A 3 389500 392500 405000 440000 488500 56OOOO
TABIB H)» 3 
■6TtBE »BW * 0,
AVERAGE BEAT TRAITSBER OVER THE IHDJE IEKKES OF PIPE 47.9
fflLS*
t^ C Inlet) °F
% ( Outlet) °F
t^ sa(Mean) °F
Inside tube0wall 
mean temp* ' F
^pim ~ \m  ®F 
Ah(inch of water)
f
3
&
3
Pr,
3
Pr
Pr^0*4 
Pr °*4S "
Q(B.T.U/ftahr)
h(B.T.U/ftshr.
/ * *
P\ D/Ha
6 b 8
>3 *4 45 46 47 43
57.00 62*00 57.00 54,50 65.00 65.40
93.00 93.90 90.30 1Q5.00 92.90 87.50
75*00 78.95 73.65 87.75 78.95 76.25
3Uj2#6a 137.32 I4L 97 163,01 137.13 119.93
67.13 58.37 63.32 78,26 58.18 43.68
1*06 1.30 0.85 1.80 2,00 2.90
0.0135 0.0139 0.0140 0.0143 0,0138 0.0139
2.200 2*100 2.260 I.972 2,100 2.170
1*5¥>
1.150
1.520
I.35O
3.520
0.120
1.300
0.940
3.520
1.160
3.680
1.360
0.3525 0.3545 0.3515 0.3570 0.3545 0.3530
0.3675 0.3671 0.3710 0.3710 0.3671 0.3645
0.3790 0*3775 0.3783 0.3845 0.3774 0.3715
6.25 5.75 6.34 5.40 5.75 6.07
4.10
2.92
^07
3.02
4.08
2.95
3.99
2.45
4.07
3,05
4.53
3.65
2.080 2.011 2.100 2.962 2.011 2.058
1*759 1.753 1.753 1.739 1.753 1.833
1.536 1.556 1.542 1.431 1.562 1.679
58005 52600 70100 84400 63200 59520
864 902 1026 I071© 3052 1362
251.5 260.7 299,5 309.4 304.2 395.2
24L.0 • 251.6- 233.5 295.5 293.8 383.0
233.9 24^*9 278.0 287.0 286.0 375.5
121.0 129*6 142.5 157.5 153.2 192.1
137.0 143.5 161.6 170.0 167.5 208.4
352.1 157.2 280.0 200.5 182.5 223.9
1.388 1.514 1.802 1.760 3.832 2.260
1 W 0 I 6k60 18320 20420 20570 24000
20600 22750 27100 30820 327OO 30800
27300 29820 36700 42200 42200 378OO
TAB IB W .  3 (C o n tin u e d )
OTE "B" (2 a 0.02278)
•m
AVERAGE HEAT TRAHSffiR OVER THE WHDIE IEHGTH Off HUE 1HEH LD 47.9
EON HO. JS. m . S L 2L 22.
Outlet) V  96.60
Hr,b
Pr.f
Hr' - 
a •
P*b §'4
Er#
Er. 0,4
V ft/s e c *
Inside tube wall 147*04
mean temp. °F cc. 01
t . - t °F 65*74
pirn m  s x n
M  (inch ofwater) 3.80
f 0.0242
2.O42
*b%
1.0®
0.3550
0.3700
0.3802
5*^5
3.80
2.80
2.000
1*705
s.T.0./ft2hr)
.T,U*/fishar°F) 1373.
380.0 
3  
$.0 
223.0
2.565
67*00
80.50
136.36
55.86
0.01432
2.070
1.500
1*165
0.3550
0*5675
0.3770
5.75
3.10
2.012
1.741
1.573
436.5
425.0 
224*0 
250.3
270.0 
2.788
69.35
52.45
80.90
130.69 
49.79 
5.70 
0.0141 
2,060
1.540
1.235
0.3555
0.3670
0.3750
5.69
3.30 
2.005 
1.‘
505.0
491.0
480.0
277.9
297.9 
3.145 
35000
3k
72,70 75.00 78.55
94.00 94.35 95.61
83.35 8^.68 87,08
132.91 133.71 130.44
49.56 49.03 44.36
7.24 9.04 13,30
0.0142 0.0138 0,0137
2.000 1.960 1,920
1.530 1.500 3,500
3.200 3.200 1.230
O.3565 0.3575 0.3585
0.3675 0.3678 0.3677
0.3760 0.3760 0.3750
5.52 5.40 5.25
4.05 4.00 4.02
3.20 3.19 3.30
1.99C 1.964 1.904
1.750 3,741 1.744
1.592 1.590 1.612
92800 90400 88400
1871 3843 1993
533.2 528.5 570.0
522,0 514.O 556.0
510.5 502.5 545.0
270.2 269.0 299.3
298.O 298.0 318.7
320,1 316.0 338.0
3.540 4.030 4.490
40600 46900 53550
53550 61000 68400
66950 75900 82800
)
TJSBIB IIP. 3 (Continued)
tube "B" (S  *  O.
■ 3 T
AtSRiTO BEAT TBM m m  OYER WE WOIM ® C T ! OPPIPE V®EH I15
RUM ID , M . 56iKWipi'ii ■■ I I
- i M
.. 59
tw( In le t) °2? 
t (  Outlet) °P
Inside Tub^ wall 
mean temp*
t  * -  tpirn m
Ah(inch o f water)
%
A
A
A
A
! Prf
Pr
s
P r ° ‘ 4 
Prf 0*4 
Pr °*4“ s v” 
Q(B.T.U/ft2br)
h(B.I.IJ/nslhr*
Kti
JfoLs
© * 4
0 * 4
60
a
62.00 80.50 83.50 86.00 88.40 97.00
100.50 95,30 96.60 96,60 100.70 110,90
91.25 87.90 90.05 92.45 94.55 : 103.95
135.72 127.81 127.74 /129.55 131.67 143.53
2)4.47■ T T f T"f 39.99 37.69 37,10 37.15 39.63
12,2)0 17.90 20.20 22.00 24.90 24,00
0.0155 6.0135 0.0134 6.0133. 0.0134 0,0139
1.803 1.900 1.8*0 1.800 1,760 1.585
1.2)20 1.510 l.*45 l.*80 I.440 1.288
1.180 1.260 1.260 i.s$o 1.220 1.100
0.3603 6,3589 O.36OO 0.3612 O.36I8 O.3655
6.3678 0.3675 6.3675 0,3685 0,3695 0.3734
0.3765 6.37*0 0.37*0 0.3750 0.3755 0.3790
5.00 5.23 5.08 *.90 4.80 *.29
3.80 *.05 *.05 3.95 3.83 3.47
3.15 3.35 3.35 3.30 3.25 2.90
1,902). 1.937 1.915 1.888 1.872 1.790
1.705 1.750 1.750 1.732 1.711 1.645
1.582 1.622 1.622 1.612 1.602 1.531
102550 98500 92800 95700 96400 105300
2307 2 2)6*. 2*65 2580 2595 2655
656.2 £85.8 702.2 731.5 736.0 7*4.5
62)0.0 671.0 688.0 717.2 720.0 728.8
628.5 659,1 676.2 705,0 709.0 718.0
3*5.0 353.6 367.5 387.2 393.0 *35.5
375.0 383.5 393.0 244,0 *20.0 *43.0
397.2 *06.1 :416*5 437.0 **2.0 469,0
4.755 5.710 6.090 6.38O 6.750 6.510
602)00 68800 75200 82000 87150 94000
76200 86300 93000 98600 106800 115000 \
912)00 102800 109700 115900 125500 133600
MBIB HO. 5' (Continued)
TUBE * B "  ( f  *  0,02278)
| . 47.5
KUH 110. 61 62 63 64 65 66
92,40 71.92 75.00 77.90 67.70 80,78
t (Outlet)ViT 104,50 82.52 85.25 87.75 79.15 90,50
^(Mesm) °F 98,45 77.22 80,13 82.83 73.43 85,64
Inside tube mil 
mean temp*°!F 132,37 115.18 113.53 120,20 113.64 119.50
vpltt ~ %sia ^ 33.42 38.91 38.40 37.37 33*86
Ah (inch of mter) 29.10 63.OO 69.IO 70,00 6G.00 71,00
• f : 0.0132 0,0134 0.0137 O.OI34 0.0137 0.0132
1.680 2,160 2.075 2.000 2.260 1*950
%  ■ 1.435 £700 1.645 1.600 1.740 1*590
m b 1,220 1.420 1.330 1.350 1.440 1.360
•
^  • 0.3635 0,3538 0.3550 0,3565 0*3535 0.3576
Kf 0.3700 O.363I 0.3644 0.3650 0.3620 0.3657
. V 0,3753 0,3700 0.3715 0,3720 0,3694 0.3717
Frb 4,60 6,00 5.78 5.55 6.40 5.38
Pr«* 3.26 4.64 4.50 4.38 ;.4*B0 4.35
Pr,s 3.25 3.25 3.65 3.60 3.85 3.65
Pr^ °*4 1.849 2.048 2.013 1.985 2.100 2,960
Pr, °*4 1.698 1.848 1.825 1,806 1.872 1.800
Pr °’4
O
1.602 1*696 1,6?8 1,670 1*714 2.678
Q(B.T.U/n2hr) 95200 132900 132800 130000 138000 130000
h(B.T.0/ft2te °P) 2845 3430: 3460 3480 3430 3840
802,0 988.0 999.0 1001.0 1000,0 1200.0
» v  • 788,0 963.0 973.0 977.0 971.0 IO76.O
m s 776.5 945.0 954.0 958.5 951*0 1058.0
n x ^ /B x J '* 434.3 482.1 495.0 504.0 477*0 561,0
inytr/*4 464.O 520.6 533.0 540,0 518,5 598,0
WU^E>ra0*4 484.5 557.0 567.0 574.0 555*0 63I.O
V ft /s e e . 7.350 10.740 11.110 11.320 10,330 11,500
PjV^D/^ 100000 114200 122900 129700 104100 135300
pfVbD/pf 118200 144500 154500 162550 118000 165300
PaV/t% 136600 171900 183200 190700 I 6 3 O O O 1926OO
3M S X B  KD. 5 (CoHfcimea)
TUBS "B» (“  a 0.02273)
45ESSGE HE M  TEAHSEER OVER B E  WJOEE IEHMB OP P3BB BHEU ~  a 47.9
HON SO. . .  M .......- 63 .  69 70 71 72
tw( Inlet)°P 65,55 86.65 89.10 91.20 93.85 95.50
t^Outlet) “e1 92,50 95.00 97.20 98,80 103,25 102,50
tm (Mean) % 68,25 90.83 93.15 95.00 97.55 99.00
Insi&a tube mil 
. me&& temp* ?F 121.08 121.36 123.09 123.26 125.32 124.58
t . -t °F  pirn m 52.65 30.53 29.94 28.26 27.77 25.58
Ah(inch, of mter) 72,99 82,00 86,59 98.00 103,00 107.90
f 0.0150 0.0133 0.0133 0,0134 0,0133 0,0134
.■ a * 1.880 1.820 1.771 1.740 1.700 1.670
H - 1.560 1.540 1.510 1.495 1,455 1.455
“ s 1*340 1.340 1.310 1.310 1.295 3.300
V 0.3590 0,3605 0.3613 0.3620 0.3630 0.3639
% 0,5661 0.3670 0.3675 0.3678 0.3690 0.3691
V 0,5721 0.3721 0.3726 0,3726 0.3735 O.3732
5.19 5.02 4.90 4.75 4.63 4.55
Prf 4.20 4.14 4.04 4.00 3.90 3.89
Pr0 5.56 3.56 3.50 3.50 3.45 3.47
Prb °*4 1.952 1.907 1.333 I.865 1.845 1.834
1.775 1.765 1.743 1.741 1.723 1.721
^  0.4 1.662 1.662 1.650 1.650 1.642 1.645
Q(B. T.U/f tfcr) 127800 119400 119400 113500 118500 II4400
KB.T.U/ftSsr °P) 5890 3910 3985 mi 4265 4410
H 1110.0 1112.0 1130.0 1188.0 1204.0 1260,0
% 1088,0 1092.0 1112.0 1169.0 1135.0 1241.0
Hus 1070.0 1077.0 IO96.O 1354.0 1170.0 3228.0
EUj/Pr^o.4 574io' 583.0 594.0 637.0 652,0 687.0
Eiy)Prf ®*4 615,0 619.0 636,0 671.0 688,0 721,0
644.0 643,0 664.5 699.0 712.0 746.0
V ft/sec. 11.740 12.290 12.640 13.400 13.780 14.050
p 143200 154700 163300 176500 135500 I9254O
p fv > / % 171600 182400 191000 204800 216200 220300
Ps&M s 199600 1 209000 219300 232900 241700 245400
ffiBIE ITQ« 3 (Continued)
TIKE "B“ (|- = 0.02278)
ATOE40E HEAT TKAKSEER OTOE H E  ffflDIS IETOTH 0? PIPE 731® * 47.9
S O B *.. — ________73 74 75 76 77 78 :
tw(lBlet) “p 97.70 100.00 114.00 102.00 103.75 106.60 i
tw(Outlet) 304.50 106.50 321.75 103.35 109.90 112.50 !
t^Ofean) °P 101.30 103.25 117.87 105.38 106,84- 109.40 !
Inside I
m@m tamp, °k 126.55 .127*73 144*55 130*07 ■ 130.B0 132*21 ;
25,45 24,48 27,18 24,89 23.97 22.80 |
&h(inch of water) 122.50 130.00 135.00 150,60 160.00 182,30 j
t Oia391 0.0133 0.0140 0.0136 0.0136 0.0138 !
fi-t, 1,640 1.600 1.380 1,565 1,540 1.505
1.435 1,400 1.230 3.375 1*360 1.335
tia 1,270 1,260 1.300 1,220 1,220 1.200
\  0,3645 0.3655 0.3710 0,3662 O.3670 O.3678
%  0,3700 O.3704. 0,3755 0.3711 0.3735 0.3720 I
Ka 0,3740 0.3742 0.3790 0,3750 0.3750 0.3758
. 4.45 4.35 3.70 4.25 4.35 4.05
3,80 3.72 3.21 3,65 3.62 3.55
3.40 3.37 2.88 3.30 3.30 3.20 I
Ft*, ®‘« 1.836 1.800 1.687 1.784 3.766 3.750
?rf 0M 1,705 1.691 1.594 1.579 1.673 3.660
Prg »•* I.632 1.626 3.526 3.633 3.635 1.594
Q(B. T.U/f 1? hr) 135900 135600 327200 123400 321300 116800
h(B. T. IT/ft3 hr. °P) 4555 4720 4685 4875 5Q50 5120
KUk 3280.0 1325.0 1295.0 1365,0 1410.0 1426.0
EUf 3259.0 1306.0 3279.0 1346.0 1392.0 1430.0
iSlg 1246.0 3292.0 1267.0 1332,0 1379.0 1397.0
IJat/prb °"* 704.2 736.0 768.0 766,0 798.0 835.0
738.0 773.0 803.O 803,0 832.O 849.0
764.0 794.0 829.0 826,0 855.0 878,0
V ft/see, 14.710 35.360 14.230 16.480 16.980 17.970 ‘
205000 219200 234400 240500 252000 272500
237000 250000 267000 273000 284000 306400
p ^ D / ^  263200 2772OO 292000 307000 316000 340000
gams K0.3 (Continued.)
TIBS "B" (-| a 0.02278)
ATOUGB E M  t B M t t  OVER M B  M  OP PIPE W BT |  .  47.9
HON KO. __ 79.:. 80 83 82 . 83 . 84
tw( Inlet) °P 120*00 122.00 123.50 109,80 124.10 325.35
tw( Outlet) °EI 125*80 127.50 328,30 314. 80 128,80 129,60
t_m (Mean) °S 122*90 124.75 325,80 132,30 126,45 127,48
Insids tabe^wall .
m@a& temg>. 3M*ll 144.42 343,49 133,15 143,95 145,08
Via " °F 21*21 19.67 17,72 20,85 17,50 17.60A* . >
Ah (Inch of mier) 254*50 163.00 177.50 225.00 197,50 198,30
f 0*0138 0.0139 0^ 1385 0,0136 0,0138 0,0138
*% 1*319 1.292 3,280 1.460 I.270 1.260
1*285 3.180 3.180 1,300 1.179 3.160
**B 1*200 1.300 1,300 3.200 3.100 3.090
*b 0*3729 0.3733 0.3736 0,3690 0.3740 0,3741
% 0.3731 0.3766 0,3766 0.3727 0.3768 0,3772
K3 0.3790 0.3790 0.3790 0.3760 0.3790 0.37950
3.50 3.48 3.43 3.88 3.40 3.37
3.25 3.31 3.11 3.50 3.11 3.08
2*88 2,88 2.90 3.19 2,90 2.85
0,4 1*650 1.649 I.636 1.720 1.631 1.625
Pr, 0,4 1*532 3.575 1.575 1.650 1.575 1.568
Pr 0,4S ■ s 1.527 1.527 1.532 ' 3.591 1.532 1,520
Q(B.T.U/ft to.) llllQQ 102900 92800 116500 98300 91800
h(B.T.tr/f€to.<)s!) 5230 5238 5240 5590 5610 5220
’.**■■■ ; 3438.1 1440.0 1439.0 1550.0 1539.0 I432.O
3437.0 1426.0 1427.0 3539.0 3526.0 1418.0
m B 3434.0 1417.0 3417.0 1525,0 1516.0 1410.0
°*4 871.0 874.0 879.0 901.0 944,0 881.0
•*4 907.0 905.0 906.0 933.0 969.0 905.0
JSi^trs 0’4 926.0 928,0 925.0 958.0 990.0 927.0
IT ft/see. 16,580 16.990 17.450 20.150 18.700 38.740
W ^ S . 286200 299000 310000 314500 324000 337500
317500 326800 335500 352000 360000 367000
p. V * 1. 341300 349900 359000 381000 384600 389200
T-^ BXK $10, 3' (Continued)
IDEE ”B" (f = 0.0227S)
AVERAGE HEAT TRAESPEE OVER THE ®OIE IEHSTH OP PIPE HBEB ~ = 47.9
EDIT ED. .. 85 86 87 88 89 90
tTf( Inlet) °P 114.80 118.00 119.65 121.50 123,00 124,30
tw( Outlet) °P 319.60 122,30 123.85 125.50 126.90 127.80
tT<ta(Mesj>) °J? 117.20 120,15 121.75 123,50 125.05 126.05
Insid©
mean temp. % 135.56 138.52 139.91 140.92 141.43 141.30
t . « tr %  '. 
p a m  tsb i . 19,2 6 18.37 18.16 17.42 16,28 35.15
Ah(±zich of mter) 242,50 279.50 295.30 313,90 336.00 354.00
■ r 0.0134 0.0133 0.0133 0.0133 0.0138 O.OI34
1.395 1.350 1.325 1,315 1.290 1,280
“ f 1.260 1.230 1.213 1,200 1.191 1.382
<*S 1.180 1,140 I.I38 1.120 1,120 1,120
, % 0.3705 0.3719 0,3725 0.3729 0.3735 0.3739
0.373(2 0.3750 0.3754 0.3760 0.3761 0.3764
0.3768 0.3775 0.3780 0,3782 0,3735 0.3785
3.72 3.61 3.55 3.50 3.50 3.45
* * 3.39 3.29 3.23 3.20 3.19 3.35
PrMs 3.14 3.02 3.00 2.98 2.95 2.95
0*4 1,690 1.671 1.660 1.650 I.650 3.640
Prf I.630 1.610 1.598 1.592 1.590 1.582
Pr 0#4s 1.580 1.554 1.552 1.548 1.542 1.542
Q(B.T.D/ft»hr.) H 7200 113250 113400 111200 115100 103000
h(B,T.U/ft%r °P) 6080 616O 6235 638O 7U0 6800
ISV 1685.0 1699.0 1715.O 1755.0 I952.O 1868,0
* y 1666.0 1682.0 1702.0 1739.0 1939.0 1855.0
s I656.O 1671.0 1690.0 1730.0 1926.0 1842.0
ISiy/Pr, °*« 996.0 1016.0 1032.5 IO63.O 1183.0 U37.5
6*« 1022.0 1045.0 IO65.O 1091.5 1219.0 1172.0
1048.0 IO75.O 1088.0 1118.0 1248.0 1194.0
V ft/seo. 21.100 22.800 23.390 24,030 24.450 25.460
p * W b 344500 384000 401500 415500 431000 452500
W / p p 380600 420000 436000 454500 465500 489500
" W V 405000 453000 466000 486000 494000 515000
TAB IE HD: 3' ( Continued)
TUBE "B* (| m 0.02278)
AVERAGE HEAT TRAUSKER OVER TEE TSHOIE IETGTH OP PH® 1E5H
HOT BO.
tw(Inlet) °P
tw(Outlet)
tm (Mean) °P
Insida tub© mil 
mean temp. °P
t —  t °P
p&n m  
A n (inch, of mter)
t
t
.T.U/ft2kr; W)
V, ft/see.
125*45
328.95
127.20
14L81
0.0133
1.180
1.118
0.3740
0.3767
0.3786
3. a
3.13
2.54
1.578
P s V ^ s
104800
7170
1965.0
1952.0
1940.0
1203.0
1238.0
1260.0 
25.910 
467500 
498500 
525000
» 47.9
1
« a tJ3  Ho. 4
TUBE *C* (2 = 0.01465) r
AVERAGE HEAT TRANSFER OVER THE TODEE IE
KUH HO. 92 93
tw (inlet) °F 96.50 98.00
tw (outlet) °F 139.75 142.00
twr . (mean) °P
JU 118.13 120.00
Inside tub© wall 187.68 187.34mean temp* SF
t . - t Ppxm wm 69.55 67.34
Ah(inch of water) O.46 0.57
f 0.0120 0.0119
‘S, 1.380 1,360
“f 1.020 1.020
0.800 0.800
“b 0.3708 0.3717
Kf O.3815 0.3815
K' 3 0.3899 0.3899
Prb 3.69 3.60
Frf 2.65 2.65
Pr
3
2.11 2.11
Pr^©M 1.685 I.669
Pr^oM 1.477 ; 1.477
Pr 0*4
s  _
1.348 1.348
Q(B. T.U/ft hr) 49050 55400
h(B.T.tJ/ft2hr°F) 706 823
Eub 195.5 226.8
Kuf 189.8 221.0
Hu
3
185.8 216.3
NUl^Pr^0** 116.0 135.9
Nu^/Pr^ 128.5 149.5
Kug/Prs®*4 138.0 160.5
V ft/sec* 0.98 1.08
Pb V^-b 16190 18250
p f V ^ f 21800 24220
PS 7# s 27500 30700
OF HE® IBB! | = 47.9
94 ,,.95 96 97
98.50 98.50 66.80 67.00
137.75 141.50 104.75 101.35
118.13 120.00 85.78 84.18
187.49 187.07 164.53 161.07
69.32 67.07 78.75 76.88
0.61 0.68 1.80 2.20
0.0115 0.0115 0.0319 0.0117
1,330 I.36O 1.975 1.980
1.020 .1.019 1.280 1.320
0.800 0.810 0.938 O.96O
0.3708 0.3717 0.3577 O.357O
0.3817 0.3815 0.3735 0.3726
0.3899 0.3898 0.3850 0.3841
3.69 ' 3.60 5.36 5.45
2i65 2.64 3.45 3.51
2.11 2,12 2.40 2.46
1.685 1.659 1.959 1.970
1.477 1.477 1.641 1.654
1.348 1.351 1.419 1.433
52100 60100 856OO 85800
751.0 894.0 1087 1116
207.0 247.1 3U.8 320.8
201.8 270.3 298.4 307.2
197.6 235.5 289.5 298.0
122,8 149.0 159.0 162.7
136.5 163.0 181.7 185.7
I46.6 174.2 204.0 207.9
1.14 1.20 1.93 2.14
I8640 20200 22500 24850
25250 26650 34300 36950
31900 33200 46200 50250
'TABLE Ho, h. (Continued)
TUBE f0* (| = 0«01465)
AVERAGE BEAT TRANSFER OVER TEE TOLE 3MGTH OF FXES MEN ~ = 47.9
■ HON NO. 38... 99 100 101 102 103
iT (i&Let) % 70,20 69,60 75,55 75,00 75.00 75,00
(outlet) °F 105,50 101.25 109.00 108,84 104,50 104,00
W m (mean) °P 87,85 85.43 92.28 •91,92 89,75 89,50
Inside iu&@ wall 
•mean terns. °F
166.63 155.74 164.39 164,53 160.12 162,35
V m  - 7 ™ 01? 78,78 70,49 72,11 72,61 70.37 72.85
%i(tnch of water) 2.30 2,80 2.70 3,80 4,05 4,60
f 0.0123 0.0119 0,0119 0.0112 0.0120 0.0118
1.900 1,980 1.800 1,800 1.860 1.860
“f 1.275 1.340 1.250 1,250 1.290 1.285
0,920 1.000 0.935 0.935 0.960 0.950
V 0.3586 0.3573 0,30.0 O.36O7 ,0.3600 0.3595
Kf 0*372(0 0.3720 0.3745 0.3745 0.3733 0.3737
Ks 0.3855 0.3825 , 0.3850 0.3850 0.3840 0.3842
***> 5.22 5.46 4.94 5.00 5.10 5.08
3.39 3.60 3.31 3.31 7 3.47 3,44
Fre 2,38 2.60 2.40 2.40 2.49 2.45
Pr. ®*4 
0 1.935 1.972 1.895 1.904 1.919 1.915
Brf °*4 I.631 1. 669 1.0L4 1.614 1,645 1.639
Prs °’* 1.415 1,-465 1.420 1.420 1.442 1.432
Q(B.T.U/ft2hr) 88300 81500 91800 96400 98700 104200
h(B.T.U/ft2hr°F) 1120 U55 1273 1326 1402 1431
Hub 320.5 331.5 361.5 377.5 398.5 408.5
■ * v 307.0 318.0 348.5 363.5 384.5 393.0
Hus 298.0 309.8 339.0 353.5 374.0 382.2
EUj/Pr^ 0,4 165.5 168.0 190.6 198.1 207.8 213.1
Huj/Prf o’* 188.0 190.6 216.0 225.0 2 33.5 240.0
Hu^Prs « *4 210.7 211.2 2 38.8 248,5 259.0 266.8
7 ft/sec. 2.14 2.39 2.35 2.83 2.87 3.08
pb V 4 b 25890 27780 29950 31100 35400 38010
pf 38100 41700 42750 52300 50700 54600
Ps V / A s 52300 54010 56650 69200 67350 73100
TUBE *C* (| = 0.01465)
m  .
AVERAGE HEM! TRANSFER OVER THB MOLE LMGfH 0? PIPE WHEN | « 47.9
ET® NO. 104 __105 _ 106 107 108 109
tw (inlet) V 72.50 69.73 64.50 91.11 90.75 82*00
tw (outlet) °3? 96.35 90.22 79.80 112.10 111.95 96*1jO
tw (mean)
Inside tube wall 
mean temp* fF
t . t P pim wm!
h^( inch of water)
84.43 
146,64 
62. a  
6,80
79.96
144.68
64,72
9.70
72.15
119,70
47.25
14,00
101,62
153.27
--56,65
11,00
101.39
159.68
58.29
10.52
89*20
130.74
41.74 
18*54
.. f 0.0119 0.0111 0,0120 0.0111 0.0118 O.OII9
% 1.970 2.070 2,290 1.610 1.630 1*860
1.415 1.450 1.740 1.270 1.235 1.485
V 1.075 1.090 1.360 1,020 0.970 1.220
*b • 0.3574 0.3550 0.3505 0,3650 0.3648 0.3595
%s 0.370 0.369 O.3625 0.3725 0.3750 0.3680
Ks 0.3800 0.3793 0.3716 0.3819 0.3837 0.3752
Prb 5.45 5.80 6.50 4,36 j|-t 5.15
Pr^ » 3.77 3.89 4,75 3.51 3.30 3.99
. s 2.80 2.88 3.65 2.65 2.50 3.26
Pr^ o*4 1.970 2.020 2,116 1.802 1*8X0 1,927
Pr* ®*4f 1.700 1.722 1.865 1.653 1*613 1,739- ^
Pr 6*4/
s 9 1.585 1.526 1.679 1.476 1*1(42 1.605
Q(3.T.U/ftlir)
h(B.T.U/ft2hr°F)
103800
1666
110500
1706
95600
2021
105800
1867
■ '115300; 
1982 . •'
104200
2495
HUfa 478.0 493.0 591.0 525.0 555.0 711,0
Nuf 462.0 474.0 57I.O 514.0 541.8 695.0
m a 450.0 461.0 557.2 502.0 529.5 682.0
Kut/Prb '?« 242.3 244.0 279.1 291.0 306*5 368.5
Su-Zkr^ e»« 271,6 275.0 306,0 311.0 336.0 399.4
Hu^/Prg 0*4 283.2 302.O 332.0 340.0 367.0 425.0
V ft/sec* 3.73 4.62 5.35 4.34 4*68 6.17
?b V 4 b 43W0 51200 53700 61500 65700 76500
P'f V / A f 60080 72700 70400 77200 86000 94800 \
ps V / A a 78450 95900 89600 95700 108600 114600 \
TUBE'‘ O' (1 = 0 . 01465)
i m m m  hsat transfer over the w m ®  tmzm. op m m  m m  | = 47.9
' • W M  ITO*' 110 '111 ■ 112 ■ 113 114 112.
tw (inlet) 94.10 88.06 99.70 83.60 80.00 71.00
tw (outlet) °F 109,20 101,95 112.75 99,44 95.75 82.70
tvT (s308b) °F 101.65 94,93 106,23 91,52 87.88 76.85
Inside Tube trail
■mean tes^ > °P 144,55 140.09 144.17 141.57 142.18
120.35
t . 't  ■■ °F■ p m  . ■ wm 42.90 45,11 37.94 50,05 54.30 43.50
&li(inch of water) 18.50 24.65 20.80 33.00 38.90 54,00
■ f 0,0115 0,0112 0.0112 0,0112 0.0117 0,0115
• v 1.620 1.740 1.550 1,810 1.880 2.140
*V 1.310 1.400 1.295 1.400 1.420 1,660
. P- I'1 a 1,090 1,120 1,085 1.120 1.115 1.350
A '0.3S49> 0.3620 0,3668 0,3605 0,3589 0,3535
Kf
Ks
0.372S 0.3710 0.3732 0,3706 0,3700 0.3655
0.3793 0.3731 0.3791 0.3735 0,3790 0,3720
Prb 4,44 4,80 4.15 5,00 5.27 6.08
Prf 3.50 3.70 3.45 3.73 3.78 4,55
Frs 2,88 2,99 2.88 2.95 2.93 3.59
Pr °*4 0 1,815 1.874 1.767 I.905 1.945 2,060
p« 0*4
f 1.651 1,687 1,641 1,692 1.703 1.833
P p  0*4
S' _ • 1.526 1.550 1.527 1,542 1.538 1.667
Q(B.T»TJ/ffe2hr) 109900 119300 1GL900 157500 165900 145800
h(B.T.tJ/«2h A ) 2560 2673 2685 3120 3055 3350
Eab 720,0 748.0 750.0 887,0 873.0 971.0
Huf 704.0 730.0 736.5 863,0 846,0 944.0
Kus 691,0 716.5 725.O 845.0 826,0 922,0
c*4 396,2 39S- S 424.0 465.0 448.5 47I.O
Mty'Pr. «.« 426.0 4*33.0 448,0 510.0 496.0 514.6
fIu3/P rs °*« 452.5 462,0 475.0 548,0 538.0 553.5
¥ ft/sso,' 6.27 7.36 6.73 8,55 9.04- 10.67
• t  V /! ib 88550 96700 99200 108100 310200 114600
pf  V / 'V 108900 H 9600 118100 139000 144900 147100
?S V ^ B 130000 148500 140000 172700 183600 180000
■ tfATfiE lo, 4  ‘(Omtihmed) . ,poimwwiin—hm ■!«■«» rtnmunw iu<iiiJLawffw»*iiri>> mwr^ pi»ia.mn» m' •mtt.uf
TUBE *0* (| a 0,01465)
AVS&5GE BEAT mSRSZER OVER fflE T3I3LS LEKG2H OP PIPE BHESI 5 = 47,9
i m  BO._______116 117 13.8_____ 119 150 121
t (irlet) °J? 76,20 82.70 67.60 92,65 97,40 101.50W '
t (outlet) °P 87,72 93.14 96.36 101,52 106.00 109,15
twm (rnesn) V  a,S6 87.92 32.28 97.13 101.70 105,33
122,33 125,81 128,31 132,79 134.96 136,29
tpim*ftT m Cl' 40,37 37.89 36.03 35.96 33,26 30,56 ,
4k(inch ot water) 55.00 63.OO 70,11 79,37 8?.00 95.10 X
f 0,0112 0.0115 0.0112 0,0112 0,0112 0,0111 -
(■^ 2,030 1,880 1.800 1.700 1,620 1,560
»t ' ' 11600 1.530 1.4-80 1,420' 1.380 1,340
J*a 1,320 . 1,285 1.250 1.200 1,180 1,160
- 0,3630 0.3590 0,3610 0.3630 0,3648 0.3662
Kf 0.3657 0,3670 0.3682 0.3700 0.3711 0,3720
Ks 0,3724 O.3737X 0.3745 0.3760 0*3765 0.3771
Prb 5.65 5.22 4.99 4,66 4.42 4.25
Prf 4,33 4.15 3.99 3.30 3.66 3.59
2?rg 3,52 3.45 3,34 3.20 3,15 3,10
Prb °*4 2,000 1,937 1.902 1,852 1.8U  1,785
Prf #‘« 1.805 I.768 1,740 1,706 1,682 1,668
Prs °*4 1.655 1,641 1,620 1.592 1.583 1.572
«(B.M/fAr) 134700 142000 135000 13«500 140800 128270
h(B,T.0/ftZbr°P) 3340 3750 3750 3735 4235 4145
Mujj 961.0 1071.0 1065.0 1069.0 1190,0 1160.0
Kuf 936.0 1047.0 1044.0 1048,5 1170*0 1142,0
HUg 918.0 1026,0 1026,0 1031*0 US3.0 1127*0
°‘4 480.0 553.5 560,0 577,0 656,3 650.0
Nuj/Prj0*4 518,6 592.6 600.0 614,2 695,0 685.O
0,4 .554.2 626.0 633.5 648,0 727*9 717,0
V ft/s-c-c. ‘ 10,99 11.69 12.40 13.18 13.78 14,46
Pb YbD/ji 124000 142500 157900 177500 193400 2II4OQ
P f T A  157000 174300 191200 211460: 227000 245800
P Vjyil I89400 206800 225000 249200 264BOO 282800'»3 M
'•ttSH&S No* 4 (Continued)
TUBE- *C» {£  = 0, 03465)
■ Jk ■ ■
m m m  m m  tbmsfer over the whole m m m  of hbs uraa
JOT NO*<«wif:n*>'*W)i >u,w«>.*ifn =iwhh
t^ . (inlot) °F 
tw (outlet) °F
tw (mean) F m *
Inside tube- wall
mean iera* ' -*w o t . - t Fpxm .mo
&h(inch of water) 103*10 
f . 0*0110
log
105*45
113*62
109*54
140*89
31.51
b
I*
Kb
K.
*rt
Pr,
Pr
Pr,b
Pr,
I-r
s
e«4
0*4
0*4
1.500
1.290
1.120
0,3678
0.3735
0.3761
4.05
3.45
2.96
1.750
■1,640
Q(3,T,U/n2te) 
h(3.T
%
Hit
131200 
ur.°P) 4165
1143.5
1129.0
663.5
696.0
15.18
307200
123 
109.65
117.70
113.68
146.01
30.53
115.00
0.0113
7
1.080
0.3694
0.3749
0,3800
3.84
3.30
2,81
1.719
5X2
4830
1340.0
2322.0
1303.0 
779.1
820.0
862.0 
15.82 
249000 
290000 
331500
113,30
120, a  
117.06
245.81
23,75
122.50
0.0113
2,390
1,085
0.3708
0,3752
0,3795
3.721
3,25
2.85- -  
■»
r».603
2,520
ivrioo
1366.0
134-9.0
1334.0
600.0 
841.5 
877.0 
16.31 
267600 
303500 
*;
L
1 5
eeueiMiB
\?± 
216,70
*»?»,„17
- *t*» f
120*73 
1248*39
■ 27*96 
128*00 
0*011$
l**r
-0*X80
1*00
O4
0*370
0*3304.
3*60
3.15
4-* f '
~* o
1* KA 
1*536 
14.2330
1405*0
133910
1575*0
84.2.0
873*0
912*0
16*51
277500
317500
* 47*9
119.15
'125*85 
122. 50 
'143.43 
.25.93 
133* &> 
0*0114 
1*320.
1*180
1*060
0*3725
w*^  ,
0*3304
3,51
3.12
2.7s
1.653
576
231600
2397.0
332.0
1370.0
845.5
877.0
309.5 
16.98 
292500 
326500 
361600
121.70
227,82
124.76
349.18
'2.4*42
139.10
O rit l o 
1.300
1*160
0.3731
0*3770
0.3906
3*48
2.75
1*^ 
1*570 
1*498 
123200 
5045 .
1385.0
1372.0 
1335*0 
eu*o
874*0
907*0
17*42
304500
374000.
TAB IB Ho, 4 (Continued)
TUBE *0* (f ■ 0.01465)
AVERAGE HEAT TRAMSPER OVER THE 1SHDIE EEHJTH OP PIPE.TOEII I; =47.9
HUH HO. 128 129 _ 130.. . . 131
tw(ixaet) °P 124.20 126.60 128.70 131.30
tw( outlet) 130,32 132.60 134.70 136.90
tTffl(mean) °P 127.26 129.60 131.70 134.10
Inside tmbe_mll 
mean temp* °F 150.63 154.38 155.70 157.03
t . - 1 °ppirn. wa * 23.37 24.78 24.00 23.13
A h(inch of mter) 151.20 158.80 165.20 180.00
t 0.0114. 0.0112 0.0U3 0.0112
“ b 1.265 1,240 1.220 1.190
** f 1.140 1.120 1.100 1.080
*s s 1.040 1.010 1.000 0.990
0.3741 0.3748 0.3753 0.3761
% 0.3778 0,37® 0.3790 0.3796
Ka 0,3811 0.3821 0.3825 0.3830
3.39 3.32 3.25 3.18
* * 3.01 2.92 2.90 2.85
Pr 2.70 2.61 2.60 2.55
Prb «•* 1.630 1.616 1,600 1.588
Prf ®*4 1.554. 1.536 . 1.531 1.520
pj. 0*4
3 o 1.488 1,468 1.466 1.454
Q(B.T.U/fthr) 127750 128800 130700 127900
h(B.T.U/n2hr.°P) 5467 5200 544-5 5525
14-98.0 1423.0 1488.0 1506.0
1485.0 1408.0 14-72.0 1492.0
m B 14-70.0 1395.0 1460.0 1480.0
o*4 .938.5 878.0 930.0 948.1
955.0 916.0 961,0 982,0
m^ P r B0*4 988,0 950.5 997.0 1017.5
Y ft/sec* 18.08 18.60 18.89 19.82
324.9OO 340500 351300 378000
359700 376000 388000 415000
P s V ^ s 392500 415000 425200 451500
TUBE "D" (~ s 0)
•P*
wmim ima M  ansa kis tooie n a n m  op h b  m m  §  , 47.9
a m  HO. 133 133
%  (inlet) V 61.70 62.50
(outlet) 57.30 97.30
1%a'(mean) ^ 75.53 79.90
" Inside tutejwall 
mean tenxp# j? 192.00 191.80
■ ,%i|i "* ^  ■ 112.47 111.90
ih (inch of mier) 0.20 0.29
f 0.0101 0.0093
V fi - '; 2.090 2.080
1.120 1.180
■*» ■ •■• ■' 0.781 0.787
% 0.3549 0.3550
% 0.3766 0.3766
■.■■*»■■■■ 0.3901 0.3901
5.80 5.77
■' i v .  . 3.15 3.12
2.10 2.11
p_ <>•« 2,020 2.015
V * 4 2.532 1.576
j Erl0^ 4 1.346 1.348
Q (B.T.U/fi?hr) 29000 34500
h (B.T.U/ft2hr °P) 253.0 316.5
74.5 91.4
» V 70.3 86.2
EUa 67.9 83.1
royferb**4 36.9 45.35
44.4 54.7
E U ^ 6-*' 50.4 62.6
T ft/see* 0,698 0.873
7670 9630
pf vtP^f 13420 16780
ps vi M s 19380
24700
134 135 136
62,50 64.25 64,85 66.00
96.50 96.75 95.80 94.60
79.50 80.50 80,33 80,30
190.70 198.40 194.40 196,40
111.20 117.90 114.07 116,10
0.35 0.42 0,60 0.66
0.0088 0.0086 0,0083 0,0080
2.080 2J70 2.070 2.070
1.181 1.140 1.160 1.145
0.789 0.770 0.773 0.769
0.3550 0.3555 0.3555 0.3555
0.3765 0.3779 0.3774 0.3777
0.3900 0.3903 0.3902 0.3903
5.77 5.74 5.74 5.74
3.14 3.00 3.06 3.01
2.11 2.09 2.09 2.09
2iH5 2.010 2.010 2.020
1.580 1.552 1.564 1.554
2.349 1.345 2.345 1.345
391CO 41600 47900 47400
351.5 353.5 419.5 408.0
101.5 102.0 121.1 117.8
95.7 95.9 H3.9 110.7
92.4 92.8 110.0 107,0
50.35 50.8 60,25 58.6
60.6 61.8 72.9 72.3
68.5 69.0 ■81.8 79.5
0.985 1.096 1.328 3.417
10860 12160 147C0 15720
28980 21750 25980 28020
27850 32680 33250 41000
Tjmm m* 
e
(Gcxnb inoed)
JQTBE2AGSS EEA3? XRANSHBEt
• ajWLiinnwji it*tm i .i**w i i|iiu f  ■* i
LQTEK THS EKE® IH ® H  CP KGE W I»  §  *  47 .9
1 4 0 3 4 2
i^!
t. (outlet) V
t •■. (mean)' $'■
X iis i& e  t i i b e w a l t t  ; 
mean;i jf- 1
t . ~ t %  -■“■m1 wm ■
(inch of,' water) 
£
fts.
0
Pr*.
S-
p» 0#4
Pa* 0*4
£' ^
pj»
67*00 -: 
S4*50-: 
£0*73
333*00
68*50
9%50
70*50
95*0)
sa*7?
72*50
97*20
0*50
0*0075
2*060
187*80 1 8 8 * 8 0  
.306*89 106*05
73 # 5 0  7 5 * 0 0
57*25 57*50
1 8 6 * 0 0  2 8 2 * 3 0  1 8 3 * 5 0
1 0 1 * 3 2  5 8 * 9 2  97*25 /
0*780
0 * 3 5 5 5
0 * 3 7 7 2
0 * 5 9 0 1
3 * 0 9
2*10
2 * 0 0 7
4 7 6 * 5
1 3 9 * 5
1 2 9 * 4
1 2 5 * 2
68*5
8 2 * 4
9 3 * 0
3.04 1.23 3.29 3.40 3.52
0,0377 0,0076 0.0073 0,0071 0.0066
2,060 2,020 3,960 1.950 1*920
3,135 1.180 1.181 3.180 1,180
0,800 0*800 0,835 0.820 0,825
0.3555 0,3561 0.3573 0,3577 0,3581
0.3765 0,3766 0,3766 0,3765 0,3765
0.3353 0.3900 0,3895 0,3893 0,3890
5.71 5.58 5.40 5.39 5.30
3.15 3.11 3.11 3.16 3,16
2.12 2.10 2.13 2.15 2.15
2.0® i,939 3.963 3,960 3.93(8
3,582 1,575 1.575 3.584 3,584
1.350 3.347 3.353 1.358 3.353
53203 54600 60000 60600 56370
497.5 514.0 593.0 613,0 585,0
243.4 148,0 170,2 175.8 167,5
135.5 139.8 163.4 166,9 159.2
130.8 135.0 256.0 163.3 154.2
71.6 74,4 86,7 89.7 86.0
85.6 88,8 102.5 205.3 300.5
97,0 100,2 115.3 118.3 113.5
2.83| 1.910 2,030 2.397 2.376
20300 21690 24300 25780 2840)
34800 368OO 39850 42300 45700
50600 53200 57000 59800 64300
-.TUBS ■•IF 0| '
i m r  t b m m m  a r m -t b s  m o m  m s s m  cf.hees m m L 'MVS
w m  m,;nl.inwim;iirMiii'iiiiwiiii'.i it'Tiinii
i n l e t )  
t _  ( o o t i s t )  %
%iJL
VTf
Ep
F2V,0*4 
Er^0*4 
I* °*4S : ■
V ft/ses
ai iff>'i wwi'twrpM
"■ na'
Xrasicb tiibe/^all 
mean teem* jj*
V * " :W v
4h . (inch ©f v;ater)
f ■/':'
»*b
>,50
3.25
« a
0.
0.835 
0.3536 
0.3764 
0,3888 
5.24 
3,16 
2,18 
1.939 
1.585
653.0 
*9
112,2
126.0
2,597
78.20 80,00 
97,43 99.10
87,84 89,55
100,75
90,88
82.95
100,75
51.85 92,45
175.50 179,50 177.10 177,50 171.50
91,66 69.95 86,22 85.65 79.05
2.25 2.45 2,70 2,95 3.10
0,0)63 0,0063 0.0061 0.0060 0.0057
3.900 3.860 1.825 . 1.810 1.800
1,200 ..1,185 1.195 1.180 1.210
Oi850 , 0,850 0.860 0*860 0.895
0.3587 0.3596 0.3603 0.3605 O.3609
0,3761 0.3764 0.3761' 0.3/65 0.3753
0.3884 0,3834 0.38C0 0.3380 0.3863
5.22 . 5.10 5.00 4,97 4,92
3.19 3.15 3,13 3.16 3.23
2.20 2,20 2.22 2,22 2.30
1,936 1.919 1,904 1.899 1.891
.1,590. 1.531 3,588' 1.534 1.593
1.371 1.371 1.386 3,386 1.396
66200 68400 71600 72000 68200
722,0 761.0 831,0 841.0 863.0
206.3 217,0 236.5 239.0 245.1
196.6 207.2 226.5 229,1 235.4
190.5 200. 8 219.5 222,3 228.9
106.5
123.5
113.1
130.9
124.2
142,6
125.9
244.7
129.8
147.3
138,8 346.5 158.J ISO. 2 163.7
2.943 3.075 3.275 3.47O 3.655
35550 37943 41120 43910 46500
55700 58350 62103 66800 68500
77500 80900 85200 90400 91500
V m ' V - g m O )
m s u m  EEAT 'TRAKSEER'araa HIE WHGIE IEKTH CF EEffi WHEtr4f» 47*9
150BWWBPWfflJjUitir
tL, (outlet )
tVSJB (mean) ■ 2
Inside • tabe0?^ll 
tman teas, F
t-,.-. - ciprpas. 'TO: 
ih of
f
O'
'■ S- .
® v
Et*'3
En ®*« 
Erf ®*4
"Bg 0*4
0*4
S&S* ( .
T ft/sec.
s>Ab <~£
85*50 87*w /./».
101,55 102,12 103.10 91.00
93.53 94.56 35.55 83.25
77.50
92.85
167,50
73.97
.3,50
.165*20 165.75
70« 64
1,230 
0.920 
0,3615 
0.3760 
0.3855 
4, 83.
2.36
j^S2.Q
J-# 43jO
72700
1.873
1.612
2 , 4 1 9
• 4*
\9.
148* 4“ 
X£8» &
£o0*7 
? 7 3 * 3  
1 5 5 * 7
192.0
70.20
1,230;
0 * 9 5 5
0,3622
0.375*
0.3852 
4*72 
3*27 
2 * 3 9 «  '
1*606' 
X*407: 
7 7 4 0 0  
1102.0 
312.0 - 
301*0 
2 9 3 * 3  
1 6 7 . 5 : 
187,4.'
206*9 :
5 3 7 0 0
75600
163.10 
ISM'
5*95-:"'
0 * 0 0 3 3  
2,000 1*960: 
1 . 3 0 1  
0 . 9 4 5
0.57291
0*3847
5*55.
3 . 5 0  
2 , 4 3  
1*983;' 
1,650 
I.426 
93200 ■- 
1 1 6 8 , 0  
3 3 5 . 5
311.5
1 6 9 . 1
134*7
2 1 8 . 3
3*890 ■ '.4*125>- ' :4*395v 5 * 1 5 5
P v .j> M S'
59130
90100
122600
V *  <
0*j
■* . *•*
0,920
0.3575
0.3739
0 . 3 8 5 5
5.40'."''
3.40
2.36
1 ©«•# /
1.631
1.410
1159.0
332.0
318.0
300.1
169.2 
194.9 
218.5 
5.250 
61950 
94500 
129200
80.00
96.50
88,25-
167.00 169.30
6,45
0.0053
1.890
0.905
0.3590 
0.3745 
0.3862 
5.20 
3.32 
2.34 
1.934 
1,615 
V
1290.0
367.5
353.0  
342.2>
190.0
218.5
243.6 
5.445
99700
135300
(Continued)
AVSRAGS HEAP 5SAIISFISR
BUT HO,
tw (inlet) %  
tw (outlet) °P
<L» (“ a11) °P
ifisldd'ttibe Jb&ll ;
saean temp* j?
t « - *■* t °Fpirn m
Ah (inch of water) 
t
“ b
1*3
V
V
Ke
**fc
P R .
PR.a
PR, 0 * 4
0 * 4
Pr 0*4s
Q(B.T#H/ftshr)
hr
E«[y<lter^
V ft/sec*
0 * 4
0 * 4
0 * 4 *
TOES "D" (S = o) 
r
OTER TBE TfflOIE IEHGTH OP EKE WMT |j m 47.9
1602SL 158 159 161
82.50
98.75
90.63
86.10
*01.95
94.03
86.00
101.50
93.75
89.25
103.50
96.38
92,00
105.50
98.75
94.00
106.00 
100,00
167.75 168.60 168.50 168.00 166.50 164,50
77.12 74.57 74.75 <73.62 /' 67,75 64.50
6.80 7.35 7.70 8.30 8.66 9.37
0,0053 0.0053 0.0052 0.0052 0.0052 0.0051 |
1.840 1.770 1.770 3.720 1.680 3. 660
1.230 1.220 1.220 1.210 3,200 3.210
0.920 0.920 0.923 0.915 0.920 0.940
0.3600 0.3615 0.3615 0.3625 0.3635 0.3640
0.3749 0.3755 0.3754 0.3759 0.3760 0.3759
0,3860 0.3860 O.386O 0.3860 0.3855 O.3850
5.05 4.85 ■ 4 .81 4 .70 4.60 4 .50  |
3 .30 3.23 3 .2  3 3.20 3.20 3.20
2.35 2 .5 4 2 .3 4 2.35 2.37 2 .40
1,911 1.874 1.874 1.856 3.841 1.826
1.612 1.599 1.599 1.592 3.592 1.592
1.407 1.405 1.405 1.407 1.412 1,419
162500 107400 108200 103100 100200 93200
1328 1440 1450 1440 3479 jlj/i ft-■*’ rl'r '-6.(
392.5 408.5 411*0 407.5 417.0 407.0
363.3 393.0 396.0 393.5 403.3 394.0
352.5 382.2 335.O 333.0 393.5 384.5
205.1 218.0 219.1 219.5 226.0 222.8
225.2 245.8 247.9 247.0 253.2 247.3
250.3 272.0 274.0 272.0 278.5 273.0
5.618 5.819 6.000 6.220 6.380 6.670
70560 75300 77800 82800 86800 91850
103700 108430 111200 116700 120750 125250
137500 142100 I 466OO 152600 155700 159750
TIES "D" &  a 0)J*
ASTERAE! IEAT TRAIOTB OTIS' THS TODDS IH3SSH CP EEES TOSH
ETIM HO,
*w (inlet)
t (outlet 
w
3m%8& t’dbe^mLl • 
jneaa temp# j?
p^iza'8*
.’Ah (inch of mier). 
t
%
%
JL, 3
Fas,t
Trt
'»*
0 ;  fei-
Q(B.T,1
P s V ^ s
162 163 264 _ 1_65__r 166 16J
95,53 97.50 99.00 201,50 303,00 104,20
108,00 109,50 110.50 212.50 113,10 134,50
101,75 103.50 104.75 107,00 108,05 109,35
165.43 165.40 166.10 167,50 164.90 165,40
63.63 61.90 61.35 60,50 56,85 56,05
10,10 10.65 11.00 11,90 32.70 13,60
0,0051 0.0050 0.0049 0,0049 0,0048 0,0048
S. 601 1.600 1.580 3,540 1.520 1,505
1.200 1,185 1*180 I . I 60 3.161 3,160
0,9-40 0.935 0.935 ~ 0.920 0.920 0.940
0.3645 O.3654. 0.3660 0.3670 0.3671 013675
0,3760 0.3765 0.3768 0,3774 0.3771 0.3774
0.3853 0.3853 0,3854 0.3859 0.3851 0.3853
4.45 .4 .3 1 ' 4.25 4 .1 4 4.09 4.04
3.19 3.15 3 .3 4 3.05 3.06 3.05 '
2.39 2.39 2.38 2.36 2.40 2.39
1.869 1.795 1.783 3,765 3.757 1,748
1.590 1.582 1.500 1.562 1.564 1.562
1.418 1.418 1.424 3,410 1.439 1.418
100S00 100500 986OO 98100 94000 99300
1582 1624 1609 1622 1655 1771
445.0 455.5 450.5 453,0 461.5 494.0
431,5 442.5 438.0 443,0 450.0 483.0
420.5 432.0 428.0 431.0 441.0 471,0
244.5 253.5 252.7 256.7 262.9 282.1
271.1 279.7 277.5 282.2 288.0 303.0
296.5 304.3 302.5 305.6 310.5 332.1
6.920 7.210 7.370 7.680 8.010 8. 3IO
98800 102900 106650 114000 320250 126050
131000 138000 141800 150200 156400 162700
166100 173300 180100 187800 191700 200000
TABE IIP . 5 (Continued)
ItEE "D" (2 * 0)
”  ” ” mom g p g E f f i B l  a W,9
E m  K0.
tw (inlet) °F 
tw (outlet) °P 
\ a (bsbr) %
Inside tube trail 
s&an tesay. %
p^i
All (inch of water)
W
.*•
s  .
V  ; 
Ks .
*** . .
■-
Pr 0#4irp
p _  0 * 4
a- °.*4S •=•'s «■ 
Q{S.T.TJ/M?hr)
• ".T/ft’hr °P)
H  : 5
Ha&
0*4
0*4
©*4,
S
V ft?/sec.
W
206,30 103,50 110,00
. *■*!
112,00 113.10 124.50
115,80 118,50 119.40 120.50 121,50 122,50
111 05 213.50 114.70 ■ 116,25 117,30 118,50
165.80 155,00 155.00 154,20 165.20 165.75
54.75 52.50 50,34 47,95 47.90 47,25
14.40 14,80 15.20 ' ’ 15.80 18.10 20.00
0,0048 0.0047 0,0048 0.0048 0,0048 0.0047
1.480 2,450 1.420 1,400 1.39SC: 1.330
1.150 1.140 1.240 1.135 1.120 1.220
0.935 0.930 0.935 0.940 0.935 0.935
0.3585 , 0.3692; C.3700 0.3701 0.3705 0,3720
0.3777 0.3780 0.3730 0.3780 0.3785 0,3788
0.3852 0.3854 0.3350 0.3850 0.3350 0.3851
3.95 ; ::3 .|5 3.79 : 3.72 3*^5
3.02 3.00 3.00 2.99 2.96 2.93
2,39 ;2 .3 8 2.40 2.40 2.40 2.39
1.731 2,714 2,705 1.594 I .692 1.678
'1.555 1.550 2,552 2,549 1.543 1.337
1.418 2,424 1.418 1.418 3,418 1.417
94300 101500 98500 92400 : 93800 94190
1722 1936 ;195S 1905 , 1957 1991
479,0 538.0 542.6 528,0 541.5 550.0
458.0 525.0 531.0 517.5 530.0 539.0
458,0 515.0 521.0 507.5 521.0 530.0
277.0 314.0 513.2 312.0 328.9 327*5
300.5 . 339.0 342.0 334,0 343.5 351.0
323.0 364.5 367.5 ■ 355.0 367.5 374.0
8.550 8.720 9.050 9.270 9.630 10.340
1318CC 237000 145300 150850 : 256800 167300
158900 ■ 174500 180000 185000 191500 202500
205900 212000 217900 2220C0 232500 242900
MSES 130. 5 (Continued)
m u  ;j if fxaH! n n w i  11 i ^ i j w w w I i b  ^  r -
TUBS "B" (■§ = 0)
AVEa/iSa USAS Euusm:
<iiiffwwii»»tt*iii<iiigtati«»aai»M)L(iy 'iiriiTir.fMnrr^ rTWiiiWJ»i>rMw
L
a r m  this, mtorn lhstg-th op p u s  m m  ~ «* 47*9
iiTjic m
>t)
tw
(roan) P .«sa > ■
InsM® tub© jwall 
mailt temp* %
ft m  4* "
Mi (inch of mter)
■ f
*
%
K0
3&b*
's
Th* ©*4
■b : • 
Erf °*«
©*4
' v*
hCs.T.TT/fi? Iir
Ku.
v rt/geo
m  ■. - 175 276 .. 277^ 178 17?
1X6*00 118,00 93*00 96*0O---> 95.50 99. 65 ;
323*#> 125.50 101*50 104.00 104,50 307,40
lX9rBO 121.75 97*25 -j ■ 2DQfOD 100.50 103,53
169. CO 165,20 256*60 258*35 159.50 161,80
45.20 ■ 43.45 59*35 58.35 59.00 57.37
20*80 20.80 35*70' 36*70 ' 40.75 . Vi. 10
0*0048 0,002)7 0*0047 0*0046 O.OQ45 0.0046
3*350 1.330 1*680 . 1*670 1.650 ’ I.600
WL20 ■ 1*100 ' 2.270 . 1*240 1.235 1,205
0.335’ 0*935 0*985 - 0*980 0.970 0.960
• 0*3720 0*3723. ■ 0*3630 ■ 0.3639 0.3640 0.3650
0*3788 0*3790 0*3740 0*3748 0.3750 0.3758
0*3850 .0*3850-' 0*3830 0.3834 0.3336 0.3842
-3*60 ".: 3*53- 4*65 ■4*st : 4,50 4.34
2*93 : 2*30 5.40 :3#32 ' 3.30 3.20
2*40 2*40 2*55 2.50 2.50 2,47
l*iS9 1* 60O 2*850 1*826 • 1.824 1.799
1*537 1.531 2*632 . • 1*634 1.612 1,592
1*418 1*418 ' 2*458 1*443 1.443 1.436
89700 89500'‘ 234400 230250 138400 138300
1984 2060 ' 2266 2236' 2345 2413
: 547*0 587#0 640.0 ■630*5' 660.0 678,0
536.5 557*0 620*5 612*0 64X.O 659.0
528*0 548*6 606*0 598*3 626,5 644.0
327*9 341*5 346.0 ■- 345.0' 362,0 377.0
349*0 384*0 380*0 379*0 397.5 413.5
372.0 387*0 4X7.0 434*5 437.0 448,5
10*190 .10*330 . 13*600 13.530 14.850 15.350
172000 175703 ■ 285100 191600 205200 219400
208300 222600 243000 255000 273200 289100
245300 253000 -.310000" 320900 344000 3589OO
(Coat limed)
  KSB "XT (§ n 0)
t m m  assr 'mmsm -v m  ras'rams xmm a? ebb mm 47.9
' iOT.H0*.. ..  . 180.. .... 181.... 182 .. 183~ 284 . 185
iw (inlet) °F 102,00 103.40 .304,50 106.50 108.00 110,20
tw (outlet ) %  ■ 109,15 1X0,20 111.10 112,40 223,50 115,60
t . (!§5an) %  m  ' 105,58 106, SO 207,80 109,45 110,75 112,85
XasiSg tube jwalX ■
aeau iez&p* % 159.50 159.00 257.60 255.20 154.90 155,20
W  V * 55.92 52.20 49,60 45.75 44.15 42.30
All (inch of T.cfcsr) 45.70 50.10 53.99 58.22 63.30 66,70
t 0.0044 0,0043 0.0044 0,0044 0.0042 0.0042
H 1,560 1*559 3,535 1*252 1.490 2.2 50
H- ‘ ‘ 1.205 1*200 1,200 1.200 2*200 3.390
0*365 0.980 0.985 1.000 2.000 1.000
% 0, J5S0 0.3665- 0,3670 . 0.3675 0.3681: 0,3690
% 0.3759 0,3760 0.3760 0.3755 0.3760 0.3761
■ *». 0.3335 0.3335 0,3831 0.3825 0.332# 0.3325
**b 4.25 4.1S 4.12 4.04 4.00 3.86
% 3.21 3.20 3.20 3.21 3.20 3.25'
■ ■ S 2.50 2.51 2.53 2,60 2,60 2,60
..J^i 0*4 1.734 1,772 2.761 2,749 1.741 2.735
1.595 1.592 1.592 1.535 3.592 1.534
■«. " V'4 i(B? o* 1,442 1.444 2.449 1.466 3.466 1.466-
Q(B.S.tJ/f# hr) 132500 132200 138500 123500 120000 127003
iiCB.s.ty’ft’hr °f ) 2460 2534 2-569 2700 2719 3000
Ifab 650,0 709.0 745.0 753.0 757,0 834.0
671.0 690.5 727,0 735.0 741.0 817.0
KwS- 657.5 677.5 723.0 723.5 728.0 804.0
l^/Pr^o*4 385,5 |ba.o 422.5 430.5 434.6 485.5
421.0 433.5 456.5 463.5 465.5 516.0
455.5 469.0 492.0 493.5 496.0 548.2
■ V it^ee* 15.940 16,750 27.350 19.010 19.790 19.940
p # ^ i » 233400 245500 258000 272500 280200 313000
W * f - 35x500 316500 328000 342000 355500 3800X3
p / P H 372500 385000 397000 406000 423500 449900
m sA £3 heai E R jasm  eras ehs whois xausH op E ira mm  ~  = 47 .9
tw (inlet) “p
(mean) %
Inside tiibe.mLX 
Bean temp* J?
t , «• t °Fpirn m
Ah (inch of watei
Ks
Erf
&■
Er^ o*4 
Erf **4
Jjfcg* 0*4 
3
Q(B.T.TJ/ft»hr) 
h(B.T.U/ftahr 1
H"b
Itl
3
e«4
0 * 4
0»4:
3
T ft/sec*
111*50
116.45
115.93
154*60
40.4^
76.30
0.0042
1.440
1.000
0.3695
0.3761
0.3824.
3.82
3.16
2.60
119900
2968
808.5
796.0
482.5
542.6
20.900
331000
112,50
U 7 .8 0
155.20
40,05
82.13 
O.O042 
1.420 
1.180  
1.000 
0.3700. 
0.3765 
0,3825
3.77
3.13 
2.60
1.584 1.578
3U
134200
927.0
471500
897.0
545.0
578.0
612.0 
21.840 
552000 
419500 
492500
113.75
218.75
US. 25
154.50
38.25
0.0042
2.400
1.180
1.000
0.3702
0.3824
3.74
3.13
2,60
1.578
2.466
135900
967.0
953.0
613.0
649.8
23.480
382000
U 5.2 5
120,25
U 7.7 5
160.80
43,05
120,30
0.0040
1.380
1*140
0,965
0.3705
0.3777
0.3840
3.70
3.00
2.48
2.687
1.552
156400
1006,0
987.0
596.0
636.0
675.0
27.000 
446000 
536500
52900o
.ffirSlACS HEM! 2MSFER OTER TIE fEQIS XEHSTH CF PTES WIEU “ a 47.2
BUT HO. 190 191 192 193
tw (inlet) °F 66.30 66.30 65.40 64.20 63.75 68.00
tw (cutlet) *V 83*50 83.50 81.00 78.50 73.10 81.50
Sct (aaan) °P
inside iiibejmli
? y o 74.90 73.20 72.35 70.93 74.75
man 'tenrp* j* 179.26 173.95 171.86 170.31 169.93 174.39
1r,*_ t ^p m  ■ 104,35 99.06 98,66 98.96 99.00 100,40
Ah (inch of mter) 1.60 2.46 3.33 4.19 4.51 4.90
f 0,0373 0.0067 0.0064 0.0060 0.0053 0.0058
2,210 2.210 2^ 270 2.335 2.340 2,220
«*•
1.270 1.295 1.320 1.340 1.340 1.300
0.850 0.880 0,895 0.900 0.910 0.875
0.3521 0.3521, 0.3513 6.3502 0.3501 0.3521
K* 0.3740 0.3730 0.3725 0.3720 0,3720 0.3732
■K3 0.3822 0.3870 0*3868 O.3863 0.3863 0.3873
: VBb 6.22
6.22 6.40 6.64 6.65 6.20
3.35 . 3.48 3.50 3,60 3.60 3.45
2.21 2.29 2.30 2.32 2.33 2.26
' am * : 2.079 2.079 2.100 2.130 2.130 2.072
°*4 1.629 1.647 1.650 2.669 1.669 I.642
B el" ©•* .S' 1.374 1.393 1.395 1.400 1.402 1.336
Q(B.T.E/«?h3r) 48400 61800 6655O 70400 74700 73050
h(B.T.U/ftf’hr °P) 456.0 624.0 676.5 712,0 755. c 730.0
% 134,8 184.5 200.0 211.5 224.5 215.8
Bcu 127.0 174.3 189.0 199.3 211.5 203.8
isiS 122.3 158.0 182.1 192.0 203.5 296.4
°*4 64.9 88.8 95,2 99.4 105.5 104.1
78,0 105.8 114.5 119.5 126.8 223.9
r n ^ o - 4 . 89.1 120.6 130.6 137.0 245.3 141.7
T ft/s©c* 2.340 3.030 3.600 4.160 4.390 4.580
24660 32050 36950 41600 - 43900 48100
Pf 42600 54000 63050 71000 75900 81400
62600 78300 91500 105200 109800 118900
; ;-TABLE! NQ.: 6 (Continued)
m m  *®1 < | « o )  (b ra s s )
a m & w u ii arm mm ® o ie  xbheh ®  m  mm  s  *  47 .2
law no.... , 195 . ... .127 198 , 199 201
(inlet) Qj? 70.90 73.90 72.25 77.60 80,00 80,50
t (outlet) °P 85.20 87.50 83.60 90.00 91.10 92.10
78.05 80.70 77.43 84.80 85.55 86,30
Xnsida t«b©0mil 
■©Batt'teng?* F 179.43 177.40 172.28 171.03 168,85 163.27
t « ** ‘fc ' F^p m  m 101.38 96.70 9^85 87,03 83.30 82.97
&h (inch; of .mter) 5.55 6.13 7.80 7,98 9.60 20,20
f 0.0055 0.C054 0,0053 0,0051 0,0050 0.0051
^3 2,130' 2,070 2,155 2,0X3 1.950 1.935
' 1.250 2.245 1.300 1.260 1.265 1.265
•*3 0.850 G.850 0,880 0.900 0.910 0.905
0.3540 0.3551 0,3535 0.3569 0.3580 0.3581
% 0.3745 0.3747 0.3734 0.3741 0.3740 0.3741
A
0.3882 0.3880 0*3870 0.3867 0.3860 0.3861
5.90 5.75 , 6.00 5.50 5.35 5.30
3.32 3.30 3.49 3.36 3.33 3.33
* V 2.20 2.23 2.30 2,30 2.35 2.34
2.031 2,0X1 2.047 .15975 2.552 1.947
I * •* 1.617 1.613 1..649 1.625 1.628 1.628
R? 3*4;3 ; • 1.371 1.379 1.335 1.397 1.408 1.405
Q(E.T, U/fta hr) 84800 85500 88200 91400 90700 97600
h(B.T.U/ftahr *V) 837.0 884.0 928.0 1049,0 2089.0 1177.5
"tab 246.4 252.0 274.0 307.0 327.0 343.0
-■•«*■ 232.8 245.9 259.0 292.1 303.3 328.0
224.4 237.3 249.8 282.7 294.0, 317.8
Ku^/EI^o.4 121.2 128.7 133.8 155.5 162.4 176.1
Euf/Erf°"‘I 143.8 152.4 157.2 173.8 286.5 203,6
Bsyfer.4»4* 183.8 172.1 179.0 202.2 209.0 225.9
V ft/sec. 5.010 5.310 6.025 6,240 6,870 7. HO
p i 7 t i 54800 598OO 65220 71600' 82200 88400
p/tp/t** 92500 98400 107000 114200 125300 129600
p sV / % 133750
140200 155600 157700 : 272500 278800
.TABES 6 (Continued)'
tom- be■ 1 (~ = o) (spjss)
.jsrmim hsadt m i s ®  m m  seeds miom
<h»h mi*' mnm :i m m  ■■■n ainp>ii n■»w im mmimwiwm*n i■ 'n»r
tw -f 85.10 75,20
L  (outlet) °F■ W ".. 25.20 83,70
* m  (&an) ? 88.15 78,45
Inside tu’pe^ wall 
m&n t mp£ " W 166,19 168.77
t . *■» t
P5m to 73.04 ■ 90.32
A& (incfo of wfcer) 11,10 14,40
f 0,0051 0,0043
**& 1,880 2,120
Pf. ‘ ; 1*265 1.300
0.920 0.210
0.3591 0.3540
Kf 0.3741 0,3723
"■V 0.3355 0,3851
Ifcjj 5,20 5,83
Br- 3.33 3,50
EslS * 2.3® 2.33
■ Erb 1.933 2,030
■Rrf °*4 If62® 1.650
^  ' , 0 ‘ 4 1,414 1.403
63000 10680)
1127.5 2134.0
p 182500 215130
204 _ 2 Q 5 _ _ 206 207
81:, 20 87,40 88,40 75,50
24,40 97,00 97.75 84,40
82.65 92,20 93,08 79,95
164,85 266,02 165,50 166.22
74,60 73.81 72,42 86,27
13.30 14,60 15.30 22,20
0.0049 0.0048 0,9047 0,0046
3,370 1,800 1,780 2,080
1.270 1.250 1.850 1,300
0,940 0,920 . 0,930 0.920
0.3524 0,3610 0.3612 0.3550
0,3740 0,3748 0.3746 0.3728
O.3850 0.3855 0.3850 0.3855
5 .1 2 4.96 4.90 5.80
3.40 3.31 3.30 3.50
2,40 2,33 2,39 2.33
1,920 1.897 1,886 2.027
1.632 2.625 2.625 2.650
1,419 1,414 1.418 2,414
91200 98600 99900 114800
3225.5 1335.0 2379.0 2332.0
355.0 335,0 393,0 391,0
341,5 371.5 384.0 372.6
331,8 361,0 373.0 360,5
285.0 203.0 211.0 194.0
209.0 230.O 238,0 225,9
233,9 255.4 263,2 255.1
8,170 ' 8,680 9.030 10,890
304750 112200 118000 222000
24S500 . 160300 266600 193250
198200 215000 221000 269600
TABBS N0» 6 (Continued)
r i a M u a n a n a a t f H a a B a u a n ta a ta M t f W  *  ■ *
TUBE "E" (| a 0) (BRASS)
m m m , heai traeseer otee ths rasas iehgth cf hee wbem “ m 47,2
itacs«fett«ttM*ainMikSifr
m m m *
(inlet) F
t.tr
i L:- (mem)
HSU . #
liisida ttibejvsali
aeaa tem*> %
39. X0
*■* *fe \|j
m
Ah (inch of w
f r
33» 30
p»* p*«
0*4
y- .: T" (,
Ku /E^ 0*4'
P
p f
p ^ s
0.920
0.3595
0.3741
0.3855
5.11
5.38
2.33  
1.919 
2. 623 .
1302.0
377.5
363.0
197.0
223.0 
249.5 
10.130 
126100
87.50 
95.90 95.50
Jl.70- 92.65
89.50
97.90
93.70
72.25
80.30
76.18
75.90
83.25
79.57
187.74 164,69 176.43 161.38 157,72
76.04 72.04 : 78.78 85.20 78.35
22,00 23,00 ‘’24.80 41*60 49,20
0.0046 0.0045 0.0043 0.0044 0,0043
1.815 1,800 3.775 2,185 2.103
1.292 3.250 1.210 1.370 1.370
0.920 0.940 '*-0.900, 0.960 0.985
O.3605 0.3610 0.3515 0.3530 0.3545
0.3734 0.3743 0.3753 0.3712 0.3722
0.3856 0*3851 0.3864 0.3S40 0.3831
4.98 4.92 4.86 6.10 5.84
3.49 3.35 3.20 3.65 3.65
2.36 2,40 2.32 2.46 2.53
3,900 1,851 3, 882 ’' 2.060 2.040
3.649 3.622 1.592 3.679 1.679
3.410 1.419 3.4C5 3.453 1.449
107500 102000 115750 , 142000 146700
I414.O. 1416.0 3510.0 ; 1668.0 1880.0
409.0 409.0 435.5 492.0 552.5
394.5 ; . 394.1 419.0 468.0 527.5
302.2 383.0 407.5 452.5 531.0
215.0 216.5 231.4 239.O 273.0
239.1 243.2 263.O 279.0 314.2
271.1 270.2 : - 290,0 ~ 515.9 353,0
10.850 13.220 . 13.6$0 - 35. 280 16.850
139103 144800 ..153000. :■ 163250 187300
193900 207200 , 2225OO- ; 258OOO 284300
268500 272100 295OOO 362500 390100
• T&B335 IIP, 6 (Continued) ■
IDES "E* (2 = 0) (BRASS)
J57ERAG3 HEM 3EAHSEER OTER TIE V.II0L3 1EHGTH CP PIEE ffiffl^ m 47.2
$ (inlet) %
234maemmifitim
t  ( o u t l e t )  °F
■ Bor
I n s i d e  t u b e  t m l l  
m a n  t  ©rap* ;P* -
t .. "» t ■<> ^pm  ' i m  -
Alt (inch of 
f
78*75
85* as
62*30
f
a
3
***
Er ° * *m
p * . 0 * 4
B* °#43
Q (B. T. H/ft ®hr) 
h(B.T.U/ft*hr
V ft/see.
55.50
0,0043
2.040
0.
5.64
3.55
2.48
70,00
77.20
73.60
160,84 160,72 
78.54 87.12
72. SO 
0.0042 
2.288 
1.390 
0.965 
0.3524 
0.3710 
0,3839
6.40
3.70
2.48
2.100
1.433 
150700 17730Q
1921.0 2035.0 
562.0 603.0 
537.5 571.0
552.0
287.0 
323.8 338.2 
363.0
17,960 . 20j| 
205300 
311500 345590 
424500 490500
216
82.70
88.90
85.80
160.76
62,00
0.0042
1.320
Qs e»/*e
0 
0
5579
372S
3 8 3 9
50 
,hB 
1.955
tw
139800 
>.0 
1.0
KOI
509.0
2f9.0
317.2
334.0 
19.050
217
75.80
82,26
79.03
162,33
83.30 
79.50 
0,0041 
2,120 
1.340 
0.950 
0.3544 
0.3721 
0.3843 
5.89 
3.58 
2.44
2.030
1.429 
166800 
2002.0
589.0
561.0
543.0 
290.4
337.0
380.0 
21,800 
240000
335500 376000
449500 522000
218
79.10
85.50
82,30
164*06
0,004a
2^040
0.940
0.3560
O.3728
0.3850
5.61
3.50
2.41
l.i 
1.422 
171400 
2098.0
586.6
568.0
308.0
355.5
399.5 
22.620 
250400
-212
65,00
72,00
68.50
157.68
89.18
124.00
0,0041
2.440
1,450
0.985
0.3484
0.3692
0.3831
6.93
3.85
2.53
2.125
1.715
1.449
227000
w 0 
62.0
548600
719.0
693.0 
350,2
419.0 
478.5 
27.430 
262100 
438000 
634200
■££sn? IiOv 6 
THBS "E" (“ e 0) (PEASS)
ASrSBAS? HEAT TSAHSDTH OTSS THE HHfiES X2STH CP EDS KJEII ~ s 47.2■
hist ho.
t (inlet) °W-W * ' " '■* A
(cutlet) P 
(man) °P•gja % #
Inside tuhe wall 
man tenro, : F '
»*S
%
B», <>••»
■ • x  ■
Er 0.4
• S
Q(B.T,H/ft%E') 
h(B.T.'
V ft/sec.
PbV'ko 
P /bD/Pf
P sv / p 3
220
2 * 3 2 0  
1 , 4 4 0  ■ 
0 . 9 9 0  
0*35Cg
0 . 3 6 9 4  
0 * | 8 2 8  
6 , 5 6  
3 . 0 5
&
2*120
1.*
Z*<
5,0
792.0
7 6 5 . 0
462.0
5 2 4 * 0
2 7 . 4 3 0
2?6CX)0
4 4 2 0 0 0
221 222
6 3 , 0 )  7 4 . 1 0  78.20 ■ 8 0 . 9 0
7 5 * 3 0  7 9 * 6 5  8 3 * 6 0  8 6 * 0 0
7 1 * 6 5  7 6 * 7 8  8 0 * 9 0  8 3 * 5 0
1 5 6 . 1 3  1 5 8 . 9 6  1 6 0 . 3 3  1 5 3 . 9 4
8 4 * 4 8  8 2 , 1 8
1 2 4 * 0 0  1 4 8 . 3 0
443 
4 9 * n
0*0040 
2.1
9 7 5  0.960
0 5
52 
0 4 9  
1*688 
l.<
O.572O
0,3340
5 * 7 5
3. 5 3  
2 , 4 9
*=*#
1,664
705.0
672.0 
5*0
.0
3 9 3 , 0  
5.0
7 5 * 4 4  ' 
152*80 
0* 0 0 4 ?  
000 
3 3 51 
0 
0
0,3722
0,3833
5 . 5 4
2 * 5 2
I , 1
1 , 4 4 7
»,o 2350*0 2440*0 2460.0
,0 
40
>&£*U DU .^O
356.0 363*5
411.0 434,5
4 6 0 . 0  462,5
30.130 3 0 . 3 5 0  30,760
324O O O . .348000. 359000 
5 0 5 0 0 0  5 2 2 6 0 0  5 3 2 0 0 0
720000 :. 719000
8 3 . 5 0  
88,20 
8 5 * 8 5  
1 5 7 . 3 5
71* 30 '
1 5 4 . 5 0  
0 * 0 0 3 3  
1 * 9 8 0  
1 * 3 3 5  
0.985 . 
0 , 3 5 6 0  
0 . 3 7 2 2
0 .
5 * 4 0  
3 * 5 5  
2*54.:, 
1.962 
1*
6 6 6 , 5  
565,t ’■
4 1 3 . 0
4 5 9 . 0  
3 1 , 4 0 0
542800
8 5 * 5 5
9 0 * 6 5
88,00
161,56
7 3 * U. 
1 5 2 , 9 0
0,0039
1 . 8 9 1  
1,300 
0 . 9 6 0  
0 , 3 5 9 0  
0 , 3 7 3 3  
0 . 3 8 4 1  
5 . 2 0  
3 . 4 7  
2 , 4 6  
1*
2650*0
1 * 4 5 2  1 . 4 3 4
1 7 4 5 0 0  ■*»«»-' 
2 4 5 0 * 0
7 1 7 . 0
6 8 6 . 0  7 3 9 . 0  
718*0 
3 9 3 , 5  
4 4 9 * 5  
5 0 1 * 0  
31,000 
382000 
5 5 0 0 0 0  
7 3 5 0 0 0
mS3B EO, 6 tSontiHued)
OTS3 "E" (~ *» 0) (MASS)
& m e ts ISSAT IR^iSFER WES SEE WECXE IS3SGSH ®  EES SvESJ ™ « 47*2
m m m * 226 227
tw (inlet)
W n
60*40 86*40
tw (outlet) : F ■ 93.05 90,95
(mean). V ' 90,72 66.67
Inside tube^-all 
meaa.texa*)* % 161*55 158.17
pais wo. 70*83 69.50
Mi (inch of \mter) 155*10 156.90
f 0*0039 0.0038
1*61,0 1,880
Pf * 1*275 1*300
■ 0.960 0,975
; “ ^  ■ 0.3600 0.3592
■0.3743 O.3728
K-0 0.3841 0.3833
% 5*05 5.19
■ 5*40 3.50
'*** •. 2*46 2,52
' ■ pf*: ©#4 '■ '■
M> ■ 1.910 1*930
TV ©#4 ; 1*632 I.650
**»•£*'' 1*434 1,447
Q(i3.T.i;/ftahr) 173600 171100
h (s. I. Tj/i t ®iir °p) 2453.0 2465.0
isv 710.0 715.0
684.O 689.1
J3us 666,0 670.0
I T i ^ ^ 0*4 372.0 370.5
419.0 418.0
465.0 463.0
V fc/scc. 31.550 31.850
p ^ B /i^  359000 395000
p ^ D /jy  571000 555000
p V o /p - 749000 745000:& D £9
228 229 230 231
92.50 94*oo 97.85 101.0
95.80 98.40 102.25 105.40
94.65 96,20,* ' 100*05 103,20
162*65 I 64.04 163.47 164.87
68.00 67*84 63.42 61.67
163.50 170,50 ' 175.50 185.30
0.0039 0. OJ39 * 0,0033 0,0038
1*750 1.720 1*660 1.603
1*250 1*230 1,220 1.190
0.930 0,940 0.940 0.935
0.3620 0.3625 0,3640 ' 0.3653
0.3745 0*3750 0.3754 0.3762
0.3844 0.3850 0*5846 0.3850
4 .80 4*73 4.50 4.35
3.33 3*28 3.25 3.15
2.45 2*40 2.43 2.40
1.872 1.860 1.823 1.800
1.613 1,608 1.603 1.522
1.431 1,420 1.427 1.419
155600 170600 175900 181000
2440.0 2313* 0 2773.0 2932.0
702.0 722.2 794.0 836*0
679.0 698.0 7701.0 813,0
662.0 680.0 752.0 794.0
374,5 589,0 455.5 ' 464.O
420.0 4 M 9 : 480.5 514.0
462.0 479.0 527.O 560.0
32.150 32.900 33,900 34.900
434000 445000 474500 506000
593000 616000 639000 675000
771000 796000 820000 862000
. . . .  TABES BP. 7 ' t ' " ' ■
m x m  Tibs HAtt m m m m o m L  bqegheess ra tio  « 0.0509
PKTSICAL BROPERglES OF WATER EYAIMTBD AT BUI&, H IM , S t SUEPACS TEMP.,
p ric tio h  m m a i n
■ BUIK TEMP* ffllM  TEMP. SDHFACS M P t
EM  BO, V t/s e o 4 / f  ^  P b W *
■ ■r  ---■■■■■■■■ •;■•- ■ ;■ -/■-■;■   - . - . I * ------ J'."-------------   „   ,r _ I,.  •-.   .. - .
i 1*43 0,0922 0,136 1560 2340 3275
z 1*63 0,0858 0,146 1653 2530 3470
3 1,65 0,0857 0.148 1700 2540 3498
4 2,11 0.0855 0.139 2181 3251 4467
3 2,27 0,0908 0,206 2595 3620 4780
6 2.43 0,0900 0,216 2880 3920 5060
7 2.76 0,0893 0,248 3300 4330 5475
8 2.51 0,0890 0,259 3560 4610 5830
3 3*04 0,0893 0.272 3805 4870 5995
10 3.83 0,0892 0.342 4665 6030 7570
IX 4*43 0.0894 O.396 4335 6180 8280
12 4.61 0.0890 0.410 4865 6660 8590
13 4.74 0.0894 0.424 5125 6990 8960
14 5.05 0.0894 0,452 5685 7440 9460
13 3.73 0.0876 0,502 676O 8450 10310
16 3.93 0,0872 0.517 7110 8790 10550
17 6.27 0.0876 0.549 7840 '9340 II3IO
18 6.51 0.0875 0,570 8230 9900 11720
13 6.73 0.0872 0.587 8650 10270 11850
20 6.57 0.0871 0.607 9260 10400 12540
21 7.00 0.0887 0.621 9260 11240 12770
22 7.38 0,0868 0,641 10270 11950 13700
23 7.30 0.0875 0,656 10800 12530 14390
24 8.37 0.0076 0,734 11220 13750 15520
23 8.61 * 0,0893 0.770 12720 14350 16280
26 8.58 0.0890 0.799 13280 15130 16900
TiBIE BP. 7 (Contimea) ', " '
EOPBH TOBE "A" OOHVBC5TIOHAL B0PGHHES3 RATIO = 0.0509 
PHTSICAX, PBOEKCTISS OF WATER EVAfllATEP AT BTJIK.ITIM 6s SURFACE TEMP,
miajzm tEuocau
BUIS TEMP. PIIM TEMP. 3PKPAGS TEMP.
RIM HO. V^ ft/seo. Vf
27 9,24 0,0878 0.812 13800 15570 16990
28 9.44 0,0882 0,832 12490 16220 17590
29 9,62 0,0885 0.852 14940 16660 IS 200
30 9.88 0.0893 0.882 16043 17550 19030
31 11,96 0.0872 1.043 17840 20500 23170
32 12'. 79 0.0876 1.119 18990 22200 25OIO
33 12.27 0.0871 1.165 20370 23840 25950
34 13.94 0.0877 1.22 21590 24680 27600
35 14.61 0.0880 1.286 23200 26170 29550
36 15.11 0.0874 1.321 24350 27700 30850
37 16,69 0.0873 1.457 27000 30500 34000
36 16.72 0.0882 1.475 27950 31300S 3461Q
39 17.50 0.0872 -1.526 29250 ; 32550 35300
40 19.05 0.0873 I.684 32000 , 35450 38450
41 20.82 0.0867 1.806 35300 38900 42350
42 23.89 0.0863 2.06 43950 44800 48350
ROUGH TUBE "Bw CCtftTEKTICKAXi RQOG33NB3S RATIO a 0.02278
BH3X0AL HIOPURTIBS 0? WMHiB W MilATW  AT BOHOL FIIiLSSWFACS TB & i
m a o T i m  velocity
BOIg FIIM SUeFACS
21 130. V jj| ft/s e c . ■ft/2 V / f /2  * T t P .V ^ s
43 1.33 0.0822 0.124 1185 1693 2244
2(4 1.51 O.O836 0.126 1376 1903 2492
45 1.30 0.0836 0.150 1532 2265 3040
46 1.76 0.0345 0.148 1727 2608 3570
47 1.88 0.0833 O .I56 1713 2700 3520
48 2,26 O.O836 0.189 20Q5 2575 3160
49 2.56 0.0843 0.216 2373 3455 4590
59 2.77 0.0838 O.233 2575 3540 4535
51 3.14 0,0341 0.265 2945 3920 4860
52 3.54 0,082(2 0.298 3420 4510 5640
53 4.01 0.0832 0.334 3900 5075 6320
54 4.49 0.0830 0.373 4450 5680 6880
55 4.75 0.0822 0.391 4970 6280 7520
56 5.75 0.0822 0.473 5660 7100 7990
57 6.09 0.0819 0.499 6145 7610 8980
58 6.38 0.0816 0.521 6720 6040 9530
59 6.75 0.0820 0.554 7140 876O 20280
60 6.51 0,0335 0.544 7850 9600 11160
61 7.35 0.0814 0.598 8140 9630 11120
62 10.74 0.0820 0.880 936 11850 14000
63 11.11 0,0829 0.921 10180 12810 15180
64 11.52 0.0820 0.928 20620 13250 15620
65 IO.33 0,0833 0,861 8670 9840 13580
66 11.50 0.0813 0.934 10980 13430 15660
67 11.74 0,0808 0.948 , 21580 13870 16145
68 12.29 0.0818 1.005 12650 l f 910 17100
69 12.64 0,0817 1.033 13340 15600 17920
70 13.40 0.0820 1.100 14470 I 678O 19090
71 13.73 0.081? 1.125 15160 17660 19750
ROUGH w m  ffBn Q Q W m m m & L  ROUGHKESS RATIO « 0,02278 . 
H-H3ICAL IR0B3RTIES OP WATER WALTTATED AT BULK. RIIM A STJHFACE TEMP.
HIXOTXOH TElWTUt
m m  m m  s u m o s
DH NO, ft/s e e . •ff/Z ■
w ^ P f \D/k f P ^tA ^s
72 14,05 0,0820 1.153 : 25785 18060 20110
73 14.71 0,0834 1, 226' n I 7IOO 19750 21950
74 . 15,36 0,0817 1,256 17310 20470 22650
75 : 14.21 0,0836 1.139 15600 22300 244OO
75 , 15,48 0.0827 1*364 V: 19900 22580 25390
77 15,98 0,0826 1.402 ", 20800 23450 26100
78 • 17.97 0,0834 1.500 22730 25540 28350
79 16,58 0.0832 1.380 23820 26400 28400
80 16,99 0,0834 1.417 24950 27250 29180
C l . 17.45 0.0832 1.452 25800 27950 29900
82 20.15 0.0826 1,665 25990 29100 31470
83 , . 18.70 0.0834 1.560 27000 30000 32070
84 18.74 0.0833 1.562 28100 30550 32430
85 21.10 0.0820 1.731 28250 31200 33200
.86:. 22.80 O.0S14 1.856 ,31250 34200 36850
87 23.39 0.0817 1.910 32800 35600 38100
88 24,03 0.0818 1,966 34000 37150 39750
89 24.45 0.0832 2,035 35650 38750 41100
SO 25,46 0,0820 2*087 37100 40150 42500
s i 25.91 0.0813 2.110 38OOO 40800 42700
T m m  MP+9 • _ !
'hough tubb ncw txm^moML BomMsss ratio = cuoi^s
EHTSICAIi PEOPERTIES OF HEATER BYAHJATED ATBlJig,. Fill! & SIlRBftCSB M P .
FRICTIOH ^ ElOClff ;|
BTJHC »  FXIMMIP. StOTAiGBMOS; 
H M  TO. V^ ft/sec. VS/2 V^ Vf/a = | P ^ D / ^  P ^ l V ^  P ^ ^ g  !
92 0*93 0.0774 0.075 1252 1689 2135
93 1,08 0.0771 O.O84 1406 1870 2366
. 9k ,. 1.14 0.0758 0.086 1413 1935 21)20
sa; ■ 1.20 CO738 0.091 1530 2020 2517
96 1.93 0.0771 0.149 1735 2642 3560
97 2 ,14 0.0766 0.164 1905 2830 3850
9$ 2 .14 0.0784 0.167 2028 2990 4100
99 2.39 0.0774 0.185 2150 3150 4185
100 2.35 0.0774 0.182 2317 3310 4385
101 2,88 O.075I 0. 216 2335 3930 5200
102 2.87 0.0776 0.223 2745 3940 5520
303 3.08 0.0771 0.238 29® 4210 561)0
104 3.73 0.0773 0,288 3355 4650 6065
103 M 2 0.0747 0,345 3825 5425 7160
106 5.35 0.0776 0.415 4165 5460 6950
107 4 .94 0.0752 0.371 4625 5810 7 1 »
108 4.68 0.0769 0.350 5055 6610 8350
109 6.37 0.0773 0.477 5913 7330 8860
130 6.27 0.0760 0.476 6730 8270 9880
111 7.36 0.0770 0.566 7440 9210 11430
112 6.73 0.0751 0.505 7450 8880 10510
113 8.55 0.071)8 0.640 8100 10400 12920
114 9.04 O.0766 0.694 8450 11100 11)070
125 10.67 0.0760 0.812 8710 11190 13670
116 10.99 0.071)8 0.822 9420 11750 14380
117 11.69 0,0759 0.887 10820 13220 15680
118 12.1)0 0.0750 0.930 11830 14340 16870
139 13.18 0.0750 0.988 13300 15850 I 869O
TABIE 30.9 (Continued) y ' -  -
mum wbb f,c» GowsmiQim ioi&hheiss ra tio  = o„ 011^ 5
PETSXCAIj PRQEERglBS OF WATER BVAIMTBD AT BUIK M M  & SUEgAGS TEMP.
' h & c tio h  VEiDom
■■ : ■ •■'•■ : ■ : . ' B I E » r  H i m  soezpaqbtbhp,
TO* » .  V y ft/s e e . >Vf/2 V /f /2  = \  P ^ D /^  P f V ^ f  Ps\ D ^ g
120 13.78 0.0751 1.034 14500 17050 19850
121 14.45 0.0749 1.084 15780 13350 21100
122 15.13 0.0742 1.12S 17190 19860 22800
123 15.82 0.0752 1.190 18720 21800 24910
124 16.31 0.0752 1.227 20110 22830 25600
125 16.51 0.0759 1.253. 21030 24100 26720
126 16.98 0.0754 1.231 22050 24650 27250
127 17.42 0.0751 3.310 22850 25600 28100
128 18.08 0,0755 1.365 24500 27150 28900
129 18.60 0.0750 1.395 25550 28200 31100
130 18.89 0.0754 3.424 26480 29270 32050
131 19.82 0.0751 1.489 28390 31330 33900
mmmAii m o m m m  w  w.kmt m m m m s  ‘is? boxic '
m  f  j j  *fo >  St : * y * / f  [ l* q .4 fr » - l) ]  ^ fg  ^ 1 ^ 0 .4 (1 ^ 1 )3 1
1 0.0083 0.031 64 .7  0.03503 2.69  -  2,80  ■ “
2 0,0080 0,089 » 0.002G4 2 .84  2250 2.83 *■
3  0,0080 0,039 " 0, 002752.929360  2.80 8.09
4  0,0080 0,089 » 0,00267 2 .99 X1880 2 .77 34.10
5 0.0081 0,090 " 0. 002782. 9X 12870 2.60  20.40
6 0.0081 0.090 " 0,00298 2.7113820 2.48 15.40
7 0,0080 0.089 "  0,00260 3 .30  15510 2 .48  40.83
8 0,0079 0,089 " 0.00260 3 .O5 1S050 2 ,40  42.20
9 0,0079 0.009 *  0,00253 3 .15  16920 2.38 50.50
10 0.0079 0.0S9 " 0.00222 3. 5S 22410 2 .44  73.70
U  0,0080 0.089 " 0,00203 3 .9 4  25400 2 .94  64,70
12 0.0079 0.089 " 0.00205 3.85 25550 2.72 72.00
13 0.0079 0. 0G3 " 0.00205 3.89 26600 2.66 79.60
14 0.0079 0.089 *  O.0CS06 3.87;28450 2,60  82,70
15 0.0076 0.087 "  0,00198 3.86  3340) 2 ,4 5  91.10
16 0.0076 0.087 " O.OOEOi.3.72 52100 2 .40  84.20
17 0.0076 0.087 " 0,00195 3.92 34100 2 .3 4  102.20
IS  0.0076 0.087 " 0,03202 3.78 35250 2.31 95.00
19 0.0076 0.087 * 0,03197 3.85 35900 2.26 103,40
20 0.0075 O.OO7 J  0.00393 3 .91  37200 2 .20  110.50
21 0.0078 0.008 " 0.00203 5,8? 37850 2,16 111,00
22 0,0075 0. 0CS " 0.00201 3 .74  33650 2.10 105.80
23 0.0076 0,087 " 0.00206 3 .70  40500 2,03 . 105.00
24 ii.0 0 /6  0. 0-27 "  0,00180 4 .07  40950 2,06 130,00
25 0.0079 0.089 *  0.00139 4 .20  45150 2.02 143,00
26 0.0079 0.089 * 0.00187 4,23 46600 2 ,00  144.40
27 0.0077 0,087 " 0,00185 4 ,1 7  48100 1,99 340.70
28 0.0077 0.088 " 0.00186 4 ,17  49400 1.96 - 142.80
29 0,0073 0,088 " 0.00181 4 .31  50600 1,95 152,70
30 0.0079 0,089 *  0.00185 4.3153500 1,93 153.60
TABSJ®. 10 (Coatinuea)
SLOtm r a m  "AMbarimacEaii b'TOHbss boto 0.03® )
H E B X G i L L  K t O E S a E D B  C P  W f f l R  WWIXm AH B O I X  W K 4 B E S
SBOTVlTOTWeJMgyg
I /f. D/ye st • . . , B*an^t [ ^ 4 (b > i);j ;si .-t^4(EprX)j-;
31 0.007s 0,037 64.7 0,00X58 4.8O 63200 2,02 180.00
32 0.007S 0,037 " 0,00154 4.97 66200 2.00 192,00
33 O.0075 O.OS7 » 0,00155 4.87 69900 1.97 188.00
34 0.0076 0.087 " 0.00153 5.00 78850 1,35 197.30
35 0,0077 0.088 » 0.00154 5.02 77200 1.93 200,00
36 0.0076 0.087 « 0.00348 5.15 78600 1.90 210,70
37 0.0076 0.087 " 0.00144 5.2? 87400 1,89 218.50
33 0.0077 0.008 " 0.00150 5.18 88900 I.87 214.50
39 0.0076 0.087 " 0.00142 5.33 92300 1.86 225.00
40 0.0076 0.037 • 0.00141 5.40 97800 1.63 230,50
41 0.0075 0.036 " 0.00132 5.65 iOSSQQ 1.83 246.60
42 0.0074 0.08S ■ 0.00133 5.59 122800 1.80 245.00
TABIB. X P . 11 .*
Botnsa t o e  w w m m o m L  m m m m s s  p a t i o  ** 0.02278
HTTSICAIj HIOBSBSIBS OF WATER AT BTJ1K mSPEP^TUTS
RIM
BO.
f ./f 
2 2
st ‘ f Z
2St #
pVUcott
e 2 [1+0.4CP*'-!)] 2St 4(1^1)] y■ ** e !
43 O.OO67 0,082 8?*8 0.00277 2*44 ^  ■ 3.10 -
44" r f 0,0069 0.083 ■ ■ 0.0)267 2*61 — 2.90
—— ;
45 0.0070 0.033 tt 0*00253 2.77 — 3.15 —
46 0.0071 0.082,. 0.00273 2.62 — 2.76 -
47 0.0063 0.083 » . 0.00250 2.77 — 2.90 —
48 0.0069 0.083 . «  - 0*00268 2.55 — 3.03 -----
49 0,0071 0.084 « 0.00239 2.97 13270 2.86 9.66
50 0.0070 0.083 0.00257 2.72 ■ — 2.90 _  .
51 0.0070 0.084 »  t0.00249 2.84 — 2.87 —
52 0.0071 0,084 » 0.00236 3.00 I8830 2.80 17.40
33 O.OO69 0.083 » 0.00209 3.31 21050 2.76 48.30
54 0.0069 0.085 it 0.00198 3.48 23350 2.70 68.50
55 O.OO67 0.082 » 0.00217 3*11 24*800 2.60 45.00
56 0.0067 0,082 n 0.00193 3.50 29600 2.69 71*10
57 0.0067 0.081 « 0.00281 3*70 3teOO 2.63 94*40
53 0.0066 0.081 tt 0.00181 3.68 32800 2.56 98.40
59 0.0067 0.082 t 0.00172 3*51 33500 2.52 122.00
60 0.0069 0.083 n 0.00182 3.81 33650 2.31 131*70
61 0.0066 0.081 » 0.00173 3.84 37450 2.44 121.50
62 0.0067 0.082 t 0*00141 4.74 56200 3.00 152.70
63 0.0068 0.082 » 0.00139 4.53 58800 2.91 177.50
64 0.0067 0.082 it 0*00137 4.87 59000 2.82 180.00 «
65 O.OO69 0.033 0.01485 4.6? 55600 3.16 132.30
66 0.0066 0.081 it •0.00149 4.43 59100 2.75 147.50
67 O.OO65 0.080 » 0.00148 4*40 60000 2.67 151.40
63 0.0066 0.081 « 0.00142 4.70 63500 2.60 183.60
69 0.0066 0,081 n 0.00140 4.74 65450 2.56 191.70
70 0.0067 0.082 » 0.00140 4.80 68800 2.50 2C2.00
71 0,0066 0.081 « 0.00138 4.80 70200 2.45 206. <X)
T-ABIE M).ll (Contimed)
RQUC-H TXBB ,rBn OCm ^XQM L EPIX^NBSS RATIO » 0,02278
KITSICAL PBOHERglES OF WATER SyAIIMD AT BT3XK MFERATPKB
S T 1  - h  V ^ f  t1+c^ - ^  -[1+0-UPr-X)]
72 0,0067 0, 082 67.8 0.00142 4.71 71900 2,42 201.00
73 0,0069 0,083 tt 0,00138 5.01 76100 2,38 239,70
74 0.0067 0,081 tt 0,00133 4.83 78000 2.34 219.00
75 0,0070 0.033 tt 0,00148 4.71 82600 2.03 231.50
76 0.0068 0.082 t 0. 00132 5.14 846OO 2.30 249.30
77 0.0068 0.082 ft 0.00133 5.12 86400 2,26 251,30
73 0,0695 O.C83 t 0.00128 5.43 92000 2.22 281.50
79 0.0069 0,832 » b.00142 4.88 83500 2.00 252.70
80 0.0069 0.033 W 0,00137 5.04 86700 1.99 268.00
81 O.OO69 0.083- t 0.00135 5.12 88500 1*97 276,50
82 0.0068 0,082 tt 0,00124 5.47 100800 2.15 231.50
83 O.OO69 0.083 ft 0.00135 5.14 91800 1.96 279.50
84 O.OO69 0.083 It 0.00125 5,55 94800 1.94 316.50
85 0.0067 0.032 tt 0.00129 5.17 105000 2.06 271.00
86 0.0066 0.081 t 0.00121 5.44 112800 2.04 298.00
87 0.0066 0.081 t 0.00120 5.55 116500 2.02 310.00
88 0,0066 0,081 t 0.00119 5.59 119003 2.00 315.00
89 O.OQ69 0.083 II 0,00131 5.27 125500 2.00 287.50
90 O.OO67 0.082 tt 0.00120 5.59 128000 1.98 317.00
91 O.OO67 0.081 t 0.003245.37 130600 1.96 299.50
*«
id
' .   — f
! TABIB HO. 12   j
ROtlBt TOEE "C fcggEtglOKftl, KCTOgflSS RATIO » 0.01465) . |
HSSXCAli ESOEBRTISS (F WABR HTACTMBP AT EPES MgSAOTPJi I
- ■ ■ ■ — .— ■ ■  .............. .............................- i .  i .   ..............................................- .................... — ■■
92 <40060 0,07713470.00^23 1.86 -  2.07 -  |
33 0,0059 0.077 * 0,00340 1.75 - ' 2.0C  1 - ij
94 0.0057 0.075 " 0,00253 2,21 - , :,; 2,07-:: ' w 1
n,,,v,..; ■ 95 0,C^~ ^^OC335:;1.6Si />:7 2,04V; *  ' j
96 0.0059 0.077 " 0.00252 2.36 - 2.7 4 " - i
97 0,0058 0.075 "j 0.00232 2,52 »• , , ; 2.78 f - i
, 98 0.0061 ’0,079 0.00234 2.55 , - 2.65 - I
990 . 00590.077 "0.00225 2,77 —  2.73 -  !
100 0,0059 0.077 " 0.00242 2,47 -  2.57 „ ' ■ j
201 0.0056 0,075 " 0,00206 2.73 11670 v;::2.60 18.45
IO2 0 .OO6OO.O77 " C. 00218 2.76 34000 -2.64 17.65
103 0.0059 0.077 "r 0.00207 2.86 24900 2.63 32.30
104 0.0059 0.077 " 0,00199 3.09 182804 2.73 43.10
1050.0055 0.074 " 0.00165 2.36 22200 2.92 60.80
106 0.0060 0.077 " 0.00268 3.56 2^.00 3.20 49.20
1070.00550,075 * 0.00X69 3.27 20250 2.34 126.50
103 0.0059 C.076 " 0.00191 3.03 22300 2.36 99.00
109 0.0059 C.077 " 0.003i» 3.31 30450 2.66 88.80
H O  O.OO5 7 O.O76 " O.OOI83 3.16 23900 2,57 , 107.03
1110.0056 0.077 " 0.00160 3.48 35750 2.52 131.70
112 0,0056 0.075 " O.CX1I7S 3.15 30950 2.26 122.40
113 Q.OQ56 0.074 *' 0.0O163 3.43 40500 2.60 t 113.60
114 0.0058 £4076 " 0,00151 3.87 44500 2.70 158.80
115 0.0057 0,076 It 0.00339 4 .1 4  53000 3.03 351.80
116 0.0056 0.074 It 0.00135 4 .12  53200 2.86 172.40
117 0.0057 0.075 tt 0.00143 4 .0 1  56500 2.58 181,50
118 0.0056 0.075 It O.OOI35 4 .15  53350 2.59 ' 212.00
119 0.0056 0.075 » 0.00128 4 .37  62100 . 2,46 260.00
120 0 .005C,0.075 • It 0 .00U 8 4.09 64200 2.36 235.20
121 0.0055 0.074 ft 0.00128 4.35 67300 2.30 280.50
T&BIB HCW X2 - (Contilimed) 
NKKm<U»
r o M K E s r o  (w m m m  nr a  u m m  ap bieic m m z t m mj .mww, iwn» ,. wwhui rriDMCTWrnwae—  .... ' ' .....
JOT - t
HO. | : ’ ; ^  . ■ ,B^r| y: [X+0#4(B^l) J
:r B;
122 0.C055 0.074132.7 0.C0123 4.4S 697CO 2.22''■’ 301.00
123 0.035$ O.C75 " 0.00137 4.12 71900 ■' 2.23v 271.OO
124 O.C056 O.C75 ' * "0,00235 4.15 74900 2.03 282.20
125 0.0057 O.C75 ' " 0,00139 4.24 75800 2.04 288.00
125 0.C057 O.C75 8 0.001344.2277450 ■ 2.04' ‘ : ■ 298.50
127 0.C05S O.C75 " 0.00130 4.32 75500 1.99 ' 318,00
128 0.0057 O»075:;; 8 "0.00131 4.33 83200 ’2.95';- 325.00
129 0.0355 0,075 " 0.00125 4.45 84800 1,92"’ 346.50
230 0.0057 0.075 8 0.00130 4.33 85100 2.90 339.00
131 0.0055 0.075 8 0.00125 4.47 ^ 400 2.87 ; 355.00
KOOGH TOB3 "A" fOOCTrEHriCmi. ROTKfflffiSS
HgSXCAl EROHSRTXES CP WfflER E7AIfflM3 AT WIUI »ffHlAmEEi
™  I  v |  D / y e  s t  ~  e 0 i w |  [ i + o . 4 ( a > - i ) } ^  - [ l + o . i ( . ( E i w i ) ^  j
1 0.0083 0,091 64.7 0.00310 2.67 8150 1.99 44.10
2 0.0080 0.089 » 0,00286 2.82 8900 2.00 52,73
3 0,0080 0,039 " 0,00277 2.90 8940 2,00 58,50
4. 0,0080 0.089 " 0,00269 2,97 11450 2,00 62.20
5 0,0081 0,090 " 0,00280 2.89 12500 1.98 58.90
6 0,0081 0.090 " 0.003C5 2.66 13040 1.93 47.10
7 0,0080 0,089 " 0.00263 3.07M$20 1.98 70.80
8 0,0079 0.089 " 0.00262 3.05 15670 3,96 70.70
9 0.0079^0.089 " 0,00254 3.14 16520 1.95 76.80
10 0,0079 0,089 " 0.0CE22 3.55 20800 1.98 101.80
11 0.0080 0.089 " 0.00204 3,91 24IOO 2.16 ■ 113.50
12 0.0079 0,089 " 0.00207 3.83 24990 2.10 112.00
13 0,0079 0,089 " 0.0020S 3.86 25900 2.08 115.00
14 0.0079 0.089 " 0.00207 3.85 27350 2.06 115.70
15 0.0076 O.O87 0.00199 3.84 30400 2.04 U6.60
16 0.0076 O.O87 " O.OQ2Q5 3.70 31370 2.02 308.30
17 0.0076 0.087 " 0.00195 3.90 33000 2.01 122.80
18 0.0076 0.087 * 0.00203 3.76 35000 2.00 114.00
19 0.0076 0.087 " 0.00198 3.84 35930 2.00 119.00
20 0.0075 0.087 " 0.00195 3.90 35900 1.96 125.50
21 0.0073 0.083 " 0.00204 3.84 37340 1.92 124.50
22 0.0075 0.086 " 0,00203 3.72 38900 1.90 118.10
23 0^0076 0.087 " 0,00207 3.69 35700 I.87I 137.20
24 0.0076 0.087 " 0.001814.22 44100 1.88 151.50
25 0.0079 0.089 " 0.00190 4.19 46600 1.88 149.40
26 0.0079 0.089 " 0.00183 4.22 47600 1.86 153.00
27 0.0077 O.O87 " 0.00185 4.16 49000 1.86 148.80
28 0.0077 0.083 " O.OOI87 4.16 5O30O 1.84 150.00
29 0,0078 0.088 " 0.00182 4.30 53100 1.82 160.20
33 0.0079 0.089 * 0.00186 4.29 52650 1.80 161.50
31 0.0076 0.087 " 0.00159 4.78 63500 1.84 190.50
>13 '/(Continued)
m m s  mrio » oft
w x b b m l- m o m x w s  a? m ust w m m r n  a t  fixm  ® h s ia tib eMBWteaMMMBsqM<teWtoa»ii i «<ailiaMn 1 ufittM
EH?
HO.
■ ;£-«a» ■ \ cs» •
„ 2 2 " st W t  E«Iwi  ^ .+0.4(R.'-3
32 0.0076 0.087 64.7 0.00256 4.93 66600 1.80
33 0.0075 0.087 If 0.00257 4.84- 69450 1.79
34 0.0076 0.087 » 0.00255 4.97 77280 . 1.78
35 0.0077 0.088 ■ ft 0.00155 5. Cl 75950 1.76-
3£ 0.0076 0.087 ' - tt'’ O.OC149 5.13 78800 1.74
37 0.0076 0.087 If 0.00245 5.25 86300 2.74
38v-0.0077 o, 088 ft 0.00251 5^ 16 87700 1.72
33 0.0076 0. 087 n 0.00143 5.'31 92200 2.72
0,0076 0.087 1 0.00142 5.30 99400 ' il.72"
41';0.0075 0.086 » O.OOI33 5.64 105000 1.68
42" 0.0074- 0.086 w 0.00134 5.56 121002 1.63
&zt
202.00
157.00 
206.30 
210.20 
215.20
227.50 
222.70
232.50 
231.60
256.00 
251.30
T-ABIB rO.H j
BDtEH TOBB "B" CCTWEKPIOmii BDOGtgCSS PATIO & 0.02278 j
BtgaioAi, ERgpsgrtss of toes roaiMa ms mm mm. \
" ' ' ■ ‘   • • • 1
f f  § 1 ?  D /7 e  S t .  X  Eeprl|  [1+0.4 (p r . i ) ]  ^ i +o .il< P r-l)] | e ;
43 0,0067 0.082 87,80.002762.456940 2.23 15.90
44 0.0069 0.083 * 0.00268 2.60 7740 2.22 33.00
45 0.0070 0.083 * 0.00256 2.73 9240 2,23 44.30
46 0,0071 0,084 " 0.00276 2i59 20390 2,19 34.70
47 0.0063 0.083 " 0,00251 2.76 10990 2.22 46.80
48 O.OO69 0,083 " 0,00269 2.59 11800 2.43 14.05
49 0.00710.084 " 0.00240 2.95 13130 2,11 73-60
50 0.0070 0.083 1 0.00253 2.77 14160 2,20 50.30
51 0.0070 0.084 " 0.00250 2.82 16320 2.26 49.80
52 0.0071 0.084 " 0.00237 2.99 18260 2.21 67.70
53 0.0069 0.083 V  0.00207 3.35 20300 2.20 101.00
54 0.0069 0.083 " 0.00200 3.46 22850 2.20 110.00
55 0.0067 0.082 ■ 0.00213 3.10 23800 2.12 110.60
56 0.0067 0.082 " 0.00194 3.48 28700 2.22 110,60
57 O.OO67 0.081 " 0.00182 3.68 30850 2,22 128.60
58 0.0066 0.081 " 0.00182 3.66 318OO 2.18 130.30
59 0.0067 0.082 < " 0.00173 3.89 33550 2.13 154.80
60 0.0069 0.083 "■ 0.00183 3.80 33300 3,98 159.10
61 0.0066 0.081 “ 0.00174 3.80 36150 2.10 149.50
62 0.0067 0.082 " 0.00142 4.72 55000 2.45 199.40
63 0.0068 0.082 * 0.00139 4.92 57650 2,40 221.50
64f O.OO67 0.082 " 0.00137 4.66 58000 2.35 220.00
65 0.0069 0.083 * 0.00149 4.63 47200 2.52 385.50
66 0.0066 0.081 " 0.00149 4.4158400 2.34 182,00
67 0.0065 0.080 " 0.00148 4.39 58250 2.28 185.50
68 0.0066 0.081 " O.OOI424.6861750 2.25 213.00
69 0.0066 0.081 " 0.00141 4.72 63100 2.21 220.00
70 0.0067 0.082 '* O.OOI404.7967IOO 2.20 227.20
71 0.0066 0.081 * 0.00139 4.81 68900 2.16 232.60
72 O.OO67 0.082 " 0.00143 4.70 70300 2.15 223.50
TAB IE EO. 14 ( Continued)
EOHEH TOBB "3” 00I»3roHaX BOtCHffiSS RATIO = 0.02278
h to ic a i racESCTiES of w a te r s v m w m  at ma t  m e b ra o th s
£ J  |  %  ^  -it Eep/! t l+0.4{Pr-l}] ^[l+O.^Pr-l)] |q
73 0,0069 0.083 87.8 0.00139 4.59 75100 2.12 252.50
74 0.0066 0.081 * 0.00130 4.83 76000 2,08 241.00
75 0,00700,083 " 0.00143 4,70 71700 1,88- 248,00
76 0.006$ 0.082 " 0,00133 5.12 82400 2*06 263.10
77 0.0068 0.082 « 0.00133 5.11 84-350 2.04. 268.80
78 0,0068 0.083 " 0.00128 5.41 90700 2,02 297.50
79 0.0069 0.083 " 0,00142 4.8583250 1.86 263.50
80 0.006f 0.083 " 0.00139 5.00 84700 1.84 277.00
81 0.0069 0,083 " 0,00135 5.10 85900 1.84 286.50
82 0.0068 0.082 " 0.00124 5.46 IOI7OO 2.00 303.50
83 O.OO69 0.083 * O.OOI35 5.I3933OO 1.84 289.00
84 O.OO69 0.83 * 0.00125 5.51 94200 1.83 322.70
85 0.0067 0.082 " 0.00130 5.16 105300 1.95 281.00
86 0,0066 0,081 " 0,00122 5.43 112500 1.95 305.00
87 0.0066 0.081 " 0.00120 5.55 135000 1.89 321,00
88 0.0066 0.081 * 0.00119 5.58 119000 1.88 325.00
89 0.0069 0.083 * 0.00135 5.11 123500 1.87 284.50
90 0.0067 0.082 " 0.00120 5.59 126700 1.86 326.50
91 0.0067 0.081 " 0.00124 5.37 1263C0 1.85 309.00
  TA8IE m . 15 .  I
mvm tube ”cw mwmmoma, mummm wmo * 0.01^5 j
hiisxcal V B m m 'm s of w a m  i m m  aid keim m s E m ijs m
™  |  ^  St, 2-£- J^P^f [ifO^Pr-lSils^ [l*-0,Zl(Pr-l3 ^
52 0 . 00600.0774 x36, 7 0 , 003271.835 4470 1,66 24.90
93 0,0059 0,0771 * 0,00343 1.733 4890 1,66 10,00
94 0,0057 0,0758 " 0,00298 1,930 5080 1.66 36,90
95 0,0057 0,0758 * 0, 003371,692 5330 1,651 49,20
96 O.OO59 0,0771 " 0,002532,360 9120 . 1,98 51,90
97 0.0058 0,0766 H 0,00234 2,505 9930 2 ,00  68,40
98 0.0061 0,0784 * 0,00231 2.602 10140 1,95 88,00
99 0.0059 0,0774 " 0,00217 2,760 11340 2 .0 4  98,40
100 O.OO59 0,0774 " 0.00244 2.455 10950 1.92 72.60
1010 , 00560,0751 " 0.00208 2.735 13000 I .92  103.00
102 0,0060 0,0776 * 0.00219 2,743 13650 1.98 103.80
303 O.OQ59 O.O77I  " 0.00209 2.845 14490 1.97 118.70
104 0.0059 0.0773 " 0.QQ2PP 2.985 17500 2.10 121.20
105 0.0055 0.0747 ” 0,00166 3. 3SO 21100 2.35 I 64. 5O
106 0.0060 0,0776 " O.OOI69 3.560 25930 2.50 344.80
107 0.0055 0.0752 ■ 0,00170 3.252 20400 2.00 169.80
308 0.0059 O.0769 H 0.00191 3.085 21810 1.92 159.20
109 0.0Q59 0.0773 * O.OOI8I 3.295 29230 2.19 150.00
IIOO.O0570 . 076O • 0.00184 3,145 29000 2.00 156.40
111 0.0056 0.0770 ” 0,00161 3.468 34050 2.08 189.60
H 2 O.OO5 6 O.O75i  " 0, 001793,142 30600 1.98 158.80
113 0.0056 0,0748 * 0.00164 5.417 38800 2.09 182,00
114 0.0058 O.O766 * 0, 003523,856 42000 2 .11  238.OO
135 O.OQ57 0.0760 ¥ 0,00140 4,110 50900 2.42 233,00
316 0.0056 0.0748 " O.OOI36 4.111 51400 2.35 240.00
117 0.0057 0,0759 " 0.00144 4.000 54860 2.26 237.80
138 0.0056 0.0750 » 0.00136 4,125 57200 2.19  263.30
U 9  O.OQ56 0.0750 " 0.00129 4,360 60300 2,12 306.00
120 0,0056 0,0751 " 0,00138 4.080 62450 2,36 275.10
1 2 1 0.0Q56 0.0747 " 0.00128 4,340 66200 2.03 335.00
TABP3 HO. IS (continued^
ROUGH OTBB "G" OOHVSCTIOKAl BOU5IB3BS3 SA33Q m 0.01465 
HgSICAl. EBOPEmES OF WJUER OTAIHAIED AT KCIB MEEBflJDHE.
EOl-J f , /f D/y St. _P_ H Pn/§ [ X+O.UPr-l^^-.Cl+O.^Pr-ia
ED. 2 2 * 2St. ® 2 : [2St .
122 0.0055 0. Q7lt2 136.7 0,00123 4.455 68600 , 3.98 . 338.CO
123 0.0056 0.0752 • « 0.00137 4.115 7I90O ■ 3.92 300.00
124 0.0056 .0.0752 " 0.00136 4.145 74200 1.90 307.00
125 0.0057,0.0759 " 0,00139 4.135 75900 • 3.86 , 313.00
126 0.0057 0.0754 * 0.00135 4.222 769OO . 1.84 324.00
127 0.0056 ,0.0750 " 0,00130 4.310 79300 , 3.83 . V*§ *8
128 0.0057 0.0755 " 0,00136 4,170 83800 3.80 326.00
129 0.0056 0.0750 " O.OOI26 4.460 82300 1.76 368.00
130 0,0057 O.0754 * 0,00130 4.375 84800 1.76 357.00
131 O.OO56 0.0751 * 0.00126 4.470 88900 1.74 372.80
EPTIGH TDBB "A" OOtTTOglOIIflL BDOGHHBSS RATIO a 0.0-09
HETSICAI. EROPSESIES OF HEMES EVABMESD MP SBEFAGS EMPERATOKB
EDM
MO.
f j-s 
2”  2 St* 2sir EeP r ^  £1+0,4(Fr~l) ] 2sT [1+0. 4(Pr-lJ| 1$
1 0.0085 0.0912 64.7 0.00314 2.646 7860 1.56 70.00 .
2 0,0080 0,0898 tie 0,00289 2.790 8502 1.58 . 78,30
5 0.0080 0,0397 tt 0,00280 2,868 8580 1.58 83,40
4 0.0080 0,0895 » 0.00272 2.937 11120 1.59 86.70
5 0.0081 0,0908 tt 0,00283 2.662 11960 1.60 81,60
6 0,0081 0.0900 tt 0.00303 2.670 12560 1.59 69.80
7 0.0080 0.0898 tt 0.0265 3.045 14420 1.65 ■ 89,80
8 0.0079 0.0890, tt 0.00263 3.025 15150 3.65 88.60
9 0.0079 0.0893 tt 0,00256 3,120 35910 1.66 94.50
10 0.0079 0.0892 tt 0.00225 3.535 20190 1.66 122.70
11 0.0080 0.0894 » 0.00206 3.880 23640 1.74 138.50
12 0,0079 0,0890 ft 0,00208 3,805 24250 1.72 130.70
13 0.0079:0.0894 « 0.00208 3.835 25070 1.72 136.80
14 0.0079 0.0894 tt 0.00208 3.830 26930 1.74 135.20
13 0.0078 O.O876 H 0,00200 3.820 29900 1 . 7 6 133.20
16 0.0076 0.0872 tt 0.00206 3.675 30920 3.77 323.00
17 0.0076 0.0876 tt 0.00197 3.888 32800 1.76 137.60
18 0,0076 0.0875 tt 0.00204 3.740 33960 1.76 128.30
13 0.0076 0.0872 tt 0.00199 3,820 35000 1.78 132.00
20 0.0075 0.0871 « 0.00195 3.880 36200 . 1.75 137.40
21 0.0078 0,0887 « 0.002C5 3.828 36650 1.74 134.70
22 0.0075 0.0868 tt 0.00203 3.710 38350 1.72 128.90 '
23 0.0076 0.0875 tt 0,00208 3.668 38550 1.67 129.40
24 0.0076 0.0876 » 0.00181 4.235 43500 1.72 161.50
25 0,0079 0.0893 tt 0.00190 4.180 45550 1.72 359.40
26 0.0079 0.0890 n 0.00188 4.213 47300 1.72 161,50
27 0.0077 0,0878 « 0.00186 4,145 48000 3,72 157.00
23 0.0077 0.0862 « 0.00187 4.145 49250 1.72 157.00
29 0,0078 0.0885 » 0.00182 4.290 50000 1.70 166.70
30 0.0079 0.0893 tt 0.00386 4.285 51900 1.69 168.00
TAB IE IIP .16 (Contimed)
bough tube ffArt ( c o i m m i o m L  r n m w m s s  ratio « 0*0309
mSXCAL PROPERTIES OF WATER EVAHJATED AT SUEFACE T 3 M A M S
HOW
130.
£ V £
2 2
B/ye
St* 2§t. f  [l+0,4(Pr-l)3 •^T(l+0.4(Pr-l)]P/yc
31 0.0076 O.O876 64.7 0.00159 4.760 62300 3.67 192.50
32 0.0076 O.O876 H 0.00156 4.915 65000 1,64 212.00
33 0,0075 0.0871 t 0.00157 4.825 67500 1.64 206.00
34 0.0076 0.0877 t 0.00155 4.945 71500 1.63 2U*00
35 0.0077 0.0880 t 0.00155 4.990 75200 1.62 218.00
35 0.0076 0.0874 t 0,00149 5.110 77200 1.60 227 .-00
3? 0,0076 0.0873 t 0.00145 5.233 85000 1.60 235*00
33 0.0077 0.0882 ft 0.00151 5.138 85500 1.58 229.80
39 0.0076 0.0872 t 0,00143 5.294 88300 1.60 239*00
40 0.0076 0.0873 t 0.00142 5.363 96000 1.60 239.40
41 0.0075 0.0867 II 0,00133 5.620 104900 1.59 260.30
42 0.007k- 0,0863 t 0.00134 5,540 119900 1.59 233*30 |
msxQM, mmmsiM or water wxuntetD m  ®m$m » w m s
Eltl;
M0*.
IT
BSE
z 1
xatB ■ , a - . £ . Wir '’iffiim
2 1+0.4(Pp-1) 2S-i
43
51
0.00676
0.00699
0.00715
O.OO698
0.0071
0.00703
0.0071
O.OO69
0.00675
0 .0 3 6 7 5
0.00665
0,0822 87.I 
0.0336 8 
O.O836 * 
0.03455 8 
0.0333 *
0.0838 
0.0341 8 
0.0842 8 
0.0832 8 
0.-
0.0822 8
0.0S22 8
0.0319 8 
0.0316 8
61
63 0.00S83
65 O.OO693
67 0.00653 
63 0.00669 
69 0.00663 
0.00672 
0.00663
0.082
0.0835
0.0314
0,082
0.0829
70
71
72
n 
» 
«
tt 
tt
0,0833 8 
0*0813 8
0.0817 
0.0317 8
'a  A A a  M
0.002817 
0.002663 
0.00258 
0.002792 
0.00253 
0.00271 
0.002424 
0.002543 
O.OO2518 
0.002388 
0.002073 
0.002005 
0.00219 
0.00195 
0.
2.40 6550
2.624 7530 
2.713 8980 
2.56 8740
2.743 10720
0,001749
4.205
4.905001402
4.4050
0.001491 
0.001432 
0.001419
0,001403 
0,001395 4.795 68100
A hAt 1. .e
4,71
1.7 
1.
1.78
1.58
1.82
1,
1.
1.
1.
1. 
1.92 
1,86 
1,34 
1.94 
1.92
1.90 
1.76
1.90
2.06
2,14'
2.06
2.024
2.024 
2.0
1.98
55.5
71.6
86.0
81.0
45.5 
106.2
80.2
73.5 
96.2
127.9
133.5
133.5 
•5
173.2
177.0
.5
.4
213.0
206.0 
207,0 
232.2
233.0
243.0
247.0
T&BKB Ho. 17 (Coat'd)
norm  tubs »b” a<mmTi(MAL m jsam ss m xio = 0.02278 
hstsicaIj moEeagxEs m  tmm rn.ms.kTm tn sorjmcb MgMffiOBB
1 2  1  1 T ^  1+0.4<P*-1)
73 0.00696 O.O834 87.? 0.001397 4.985 74600 1*96 265.5
74 0*006673 0.0817 * O.OO1388 4.81 76300 1.948 251.5
75 O.0070 0.0836 " 0.001495 4.685 70300 1.752 257.6
76 O.OO683 0.0S27 * 0*001336 5.11 83800 1.92 280.0
77 0.00683 0.0826 » O.OOI338 5.108 86000 1 .92 279.5
78 0.00695 0.0334 » 0.001228 5.66 90900 1,882 331.5
79 O.OO693 0.08325 * 0.00143 4 .85 81900 1.752 272.0
80 0.00695 O.QS34 » 0.001395 4 .93 84000 1.752 283.2
81 0.00693 0.03325 » 0.00136 5.093 86700 1.76 292.5
O.OO696 . 8 0. 7 4. 5 74600 . 5 .
0* 0 678 0.0817  0.00438 4.  00 ' 9  .
0 070 .   0. 95 4. 5  .  .
0,00 83 . 3   0. 336 5.   1*  3 .
0 0633 . 3 * 0.001 38 5. 8  .  .
3 0 0695 . " 0. 8 5.   1,  .
0 00693 . 3  0. 3 4*  OO 1.  .
0 0695 .O8  * 0. 95 4*   1.  .
O.OO693 8 * 0. 6 5.   1.  .
82 0.00682 0.082-5 " 0.001253 5.44 100400 1.876 313.0
83 0.00695 O.O834 ■ 0.001358 5.12 93000 1.76 295.0
84 0.00694 0.0333 " 0,001263 5.50 92500 1.742 329.6
85 0.00671 0.082 " 0.0013025.153104300 1.856 289.0
86 0.00662 0.0814 “ 0.001222 5.42 111400 1.808 317.0
87 0.00663 0.0817 " 0.001203 5.53 114200 1.80 327,5
83 0,00669 0.0818 * 0.001202 5.57 118500 1.792 331.5
89 0,00691 0,0832 " 0.0013165.25 121200 1.78 304,5
90 0.00672 0,082 ■ 0.001203 5*565 124600 1.78 332.3
91 0.0067 0.08128 « 0.001252 5.353 125600 1.778 314.0
■fMBTBHo. 18
bough utm v  crnmmami. koughmess msiorflWiTiiwrriWiaw
m m m m  mneERSiBs o n mm, m&ustixm. is
T
1 VI
F
re
92 0.0050 
93 0.i
84 0..
0.0774 
0.(
95 0.00595
97 0.00587
98 0,00515
99 0.00599
00 0.00599
01 0.00564
02 0.00S03
03 0,00595
04 0.00599
05 0,00558
06 0.00501
07 0.1
09 0.1
10 0.I
11 0.- 
12 0..
13 0.'
14 0.00586
15 0.I
16 0.1 
17 0..
118 O.OO56I
119 0.00563
120 0.00564
121 0.00559
122 0.0055
0.1 
0*'
0.1 
Q.i
0.0784
0.0774
0.0774
0.0751
0.0776
0.07M
0.0773
0.0747
0.0776
0.0752
0.0769
0.0773
0.076
0.077
0.0751
0,0748
0.0766
0.075
0,0748
0.0759
0.075
0.075
0.0751
0.0747
0,0742
136.7 0.00331 1.815 
" 0.003475 1.713
1 t 0.003015 1.91
“ 0.003415 1.674
» 0.002566 2.32
" 0.002372 2.475
0.002387 2.579 
0.00219 2.735 
0.00246 • 2.431 
0.00210 - 2.688 
0.00222 2.715 
0.002113 2.817 
0.00202 2.97 
0.001673 3.335 
0.00170: 3.535 
0.001717 3.233 
0.00193 3.O65 
0*001825 3.28 
0.00185 3,126 
0.001626 3.445 
0.01807 3.125 
0.00165 3.595 
0.031531 3.83 
0.001413 4.09 
" 0.001368 4*095
* 0.001447 3.98
" 0.001367 4.105
» O.OO129S 4*34
* 0.001389
* 0.001294
* 0.001242
41200
1*444- 50.65
1*444 36.75
1*444 63.7
1*443 30.8
103.8
1*534* 121.7
1*552 140.2
149.2
:i £ $ $ f ■ 119.0
t *sr ■ 154.0
'1*593 ' 152.6
1*53ir'
j  •?«
169.0
A Cl1*f<£
1.752
1 f W*7
216,2
■2.06'" 201.5
i,66': 215.2
:1.6;- ‘1 200.0
ii904 188.0
1.752 187.8
1.796 225.0
1.752 187.5
1.78 220.8
1.772' 281,0
2*036 280.8
2^ 008 285.0
1.58 273.3
1.936 .. 296.0
1.8S 336.0
1.86 300.8
1.84 339.0
1.784 361.0
TAHSHo. 18 (Oont'd)
msroiL Eaceaaias m  WAim mamBii as gnawcs ^ mmssnsu
U O M ^ )
' m
9*"
■
\M 0 1 €?
V 0.0752 136.,7 0.001332 4.095 70100 1.724 324*0
12!). 0.00565 0.0752 n 0.00137 4*133 73000 1.74 327.0
125 0.00577 0.0759 * V 0.00140 4.12 74400 1.712 329.0
126 0.C057 0.07545 B 0.001355 4.21 75800 1.712 341.0
127 0.0055!). 0.07505 • 0.001313 4.295 77200 1.70 354.5
123 0.00570 0.0755 It 0.001374 4.15 80000 1.68 537.5
129 0.00564 0.075 It O.OOI27 4.44 812OO I .644 382.0
130 0.0057 0.0754 It 0.001303 4.36 83300 1*64 371.5
131 0.00564 0.0751 It 0.001267 4*455 86500 1.62 337.5
n mtm E HEA.S B M B  FCE EOOgl OTEE "A" 
Ccwventicnal roughness ratio m 0.0309*
c
340
509
694
m
1077
1067
1355
1202
1420
1820
3.: ' 25690 171.6
7 48200 269
34 83900 382
ia 114200 489
23 143200 591.0
f r
)/C |)7 .6 4  (fc fc )-0 *32®
26
' f
170000 640
3 ° 196500 709
32 253700
CO
37 349100 948
42
1 ; ' 
518800 1276
TfiBLE 20
AVMka-E MAT w w & fik  TOR EOTOI £0BB "B1
Canventicaal rou^mess ratio * 0«,02273
Ifu
. ■ ■ • r ,  . .
E m  Eoe ^  Oc.4 ^
43 20600 137 293.5
52 53550 298 590
383.5
60
62 344500 520.6 956
x . t _  M | ) W  '-0-528 
Kr °«4/ r
6 7 1 7 1 6 0 0  613
70 204800
75 267000
82 352000 ,. 933
93. 498500
jormmR m k T  km hough ^ dbe t,ct
Ccev'eniional rouglmess ratio * 0®<
x - f e - , ) / < 3  0-K ®
Br 4*«i?
Him Ho*
EP ° ‘4
X
92 : 21800 123.5 299
iov ,,52300 £25 483
108 i 86000 335 692
111 112600 , 433 866
m 14*1-900 977
? : rP'__ )/(|)7*64
117 174300 592.6 1095
118 I 91200 600 1090
121 245300 625 1188
127 341000 874 1432
131 415000 982 ! 1568
tobb "a" cqHTOmx&tai Bore-aiEss Rgpio (% * 0.03030)
m u s s m  m m mt m m % m &  m s m s d  M  s m  m d  n m m - m m  M & m m
"■~"'~'r":r 1111 r^T f o W E m o m  ¥B3f m m «  r- r': r  1  : ~r
Horse-pcwer • Horso-power B»F» (heat)
Jjta&R?* ’ transferred expanded to t? -d
.. ■. in heat ;, overcome friction a^rrxcuxon^
1 51.25 ■ O.OOOI53 335000
2 52.03 0.000195 266300
3 50.30 0.0002235 224700
4 59.60 0.000419 142100
5 60.15 0.000527 114100
6 64.70 0.000623 103900
7 57.00 0.000942 60500
8 57.00 0.001032 52600
9 55.50 0.000124 44750
10 63. 4a 0.00248 25550
11 82.10 O.OO386 21280
ia 78.90 0,00431 18300
13 73.90 0.00469 16830
gABCBKo.- 22 (Ccwt* a)
m m  m  m  M m  Eonm-mm®.
Horse-power Ebrse-power „  _  _
EuaEo« tran sferred  expanded to  g | » i ?
in heat, , :„eT®ceBO; frictloat ^5*..
51 eo.so • 0.0718 1125
32 86.90 0.0885 §32
33 85.80 0.100 853
34 88.50 0.1145 773
• 35 83.40 0.1337 663
35 -ss j;:. 0,143 r  v 61O
37 §0.7 0,1940 467
33 • '36,90 0.201 ■ 431
39 84.00 0.2235 376
40 85.20 0.290 297.5
41 92.50 0.373 249
42 95.60 0.555 172.2
ho» 23 • ■mmamsaxomamtmsmxatummmmSt
TOSS :ftBn; OOTTOlfXCHAi) HOTO-ailBS RATIO « 0.02278)
teAgisagr « f w  H P R S ^ d m  ’M a m o  m  beat m o bom-pqwhr 
B s m to  go .omocm mmxm.-
Bun Ho. transferred expanded to
., in heat ■ ■. merQom friction
P. (heat
43 38.10 0.0001006
IX■ IJT 32.70 0,0001347
45 43*50 0.0002282
46 52.80 0.0002165
47 38.00 0,0002575
48 38.95 0.000449
49 58.20 0.000666
50 54.30 0.000836
51 54*30 0.001224
52 57.8 0,001752
53 56.10 0.00248
54#rT
Cff
5W 0.00347
56 61.10 0.00698
57 57.60 0.0084
58 59.40 0.00953
59 59.80 0.0115
80 85.30 0.01065
81 59.10 0,0146
82 82,50 0.0446
83 82.60 0.0526
84 80.70 0.0542
85 85.80 0.0424
66 80.70 0.0553
87 79.40 0.0533
63 74.20 C406S8
89 74.20 0.0746
TO 73.80 0.0396
71 73.80 0.0969
72 70.70 0.1035
147700
148?
m
822
TABEBHo. 23 (Cont*a.)
TOSEi "B" CCCTBCTKaAl, R005MBS3 RATIO (% m 0.02278) 
RELATION 'm m m t HORSB-gOWER raflHSEBEEBD H  HE M  AMD HOKSE-POTSB
e k p m d e p go oraaooMB frictioh.
Horse-power Horse-power ' ■ K p \
Run No. transfewea e^endja to s.pfTm5E5n)
in heat overcome friction v
73 72.00 0*1227 '587
74 71.90 0.136 529
75 79.00 0.111 712
76 75.40 0,1689 ■ “7^**
77 75.20 0,185 406
78 72.50 0.223 325
79 63.00 0,1748 395
80 63.85 0.1875 341
81 57.60 0.203 284
82 72.40 0,3085 235
83 61.06 0.2485 244.5
84 57.00 0.2515 226.5
85 72.80 0.3475 209.5
88 70.4 0.432 163.0
87 70.4 0.4685 150.3
88 69.00 0.5110 135.0
89 71.90 0.557 129.2
90 64. 00 0.611 ■ 104.7
TAECBHo. 24
TOBB "0". GgTOlfglCSTAii BOTgHTOSS SjffllO <- a 0.01455)
HEMsnm hohssheots m r n a m s m  jh hs«p m p
n m m - m m  w m m m  tq ameGom fboticm.
E m  Ho,
Horse-power 
tran sferred  
in  heat
Horse-power R. P. (h eat)
o v e ^ m o L n li:^ ™ S)
92 30.5 ; 0.0000311 981000
93 34.5 0.0000426 810500
32.4 0.0000476 6810)0
99 37.3 0,0000556 671000
9$ 53.1 0.0002375 223500
£7 53.25 0.000323 165000
98 54.3 0,000336 163109
99 50.6 0.000459 110250
100 57.0 0.000436 130700
101 59.8 0.000727 82200
102 61.? 0.000796 77000
103 64.6 0.00097 66600
1€% 64.5 0.001896 33950 -
105 63.6 0.00315 21770
106 59.3 0.00513 11560
to? 65.7 0.0037 17750
108 71.7 0.00335 21400 •
109 64.7 0.0076 8520
110 68.3 0.0079 8640 •
111 74.0 0.01233 5980
112 63.3 0.00956 6620
113 97.7 O.OI925 5080
114 102.8 0.02405 4270
115 90.5 0.0395 2290
116 83.6 0.0414 2020
117 88.2 0.0503 1755
118 83.8 O.O595 1409
119 84.5 p.0714 1183
120 87.4 0,0816 1072
EASES ito. g.4 (coat’a) ; ; . ‘
toeb o^1'. ccavamcWAt aomaiEss ratio (■§ * 0,01465)Jk
w & M m m  t o  r n i m m m  frictich,
121 79.6 0.0933 849
122 81.5 0.1074 759
123 90*9 • 0.1236 . 735
124- 88.3 0,1359 650
125 88.5 0.1436 616
126 81.7 0.1543 529
127 76.5 0.1645 465
128 79.4 0.1851 428
129 80,0 0,200 400
130 81,20 0.2115 384
131 79.40 0.2415 329
bimtioi? Bfflg horsepower isB m sm sm  m  e m u  jm
" H O R S M a M l  EXRAIMD TO o m e c m  FEXGTXCM*: ....
Brn Ho*
Horse-power g .P .fheal
tran sferred  expanded to  k~p  C-PrVnfri^ ')  
in  heat overcome fric tio n ,
mimm
132 18,00 4 0,00000949
133 21*95 CC0001735
1%.IJPr 24*26 0.0000236
133 25*85 0.0000316
13$ 29.75 0.0000547
157 29*45 0,0000669
133 33.20 0,0001073
139 33.00 0.0001305
140 33.90 0.000147
141 37.20 0,0001835
142 37*65 0.0002105
143 ^ |S W 5 0.000247
144 41.00 0,000316
143 , 41.10 0,000453
146 42.5 0,000515
147 44.50 0.000605
143 44.70 P 1
149 >2.30 0,000776
150
A RA
45.10
jL K #V\
0.000932
152 ... 48.00
v# UU i-i OS|
0.001318
153 57.80 0.002095
154 58.80 0.002245
155 ■ 64.90 0.0024
156 ’ . 66.00 r 0.002616
157 66.70 0,00292
153 67,20 0.03316
159 64.1Q 0,00352
160 62.20 0.00374
SAOOO
2?6Q0
25200
25250
I. 25 (Cont* d)
toes "o". ccroacxoiTjg. roosbksss RATIO a o)Iurt«»   It • III .Mi t«u» I4nm i .iaiw.r tmairinnin  w rtim tr t »r ■■ wniiwTn»m',».ian»> y  r.
m u T im  'm m m  s^ b m ^ esbsd st hem? Mm
r~ ' f lTTT '“I 'Uni'T ' V" 11 i|J |[|OHT<l| lliaoLirJB
■ ■ EQRm^Poim s x e m m  to m im m m  m m Txm *- •/; ; •
Horsepower Horsepower , H p (hp,^\ *. <
transferred expanded to
: la .heat osrerecme,,filetioa
161 57.80 0.00427 13530
162 62.50 0.00477 13100
163 62.40 0.00533 11720
164 61.20 0.00553 11070
165 60.90 0.00623 9770
166 58.40 0.00694 8420
167 61.60 0.00766 8050
168 58.60 0.00838 7000
169 63.00 0.00879 7170
170 61.15 0.00996 6140
171 56.80 0.01058 5370
172 58.30 0.01194 4830
173 58.50 0.01377 4250
174 55.60 0.01403 3950
175 55.60 0.0146 3810
176 83.50 0.03315 2520
177 80.8 0.035 2310
178 85.9; 0,04125 2082
179 85.8 0.0461' 1860
180 82.2 0.0497 1654
181
182
82.0
86.O;
Ot0572
0.0638
1433
1348
183 76*6 0.0715 1072
184 74.5 0.0785 950
185 79.0 0.0931 849
186 74.50 0.1084 637
187 83.3 0.1217 634
183 84.2 0.1511 557
189 97.0 0.2205 440
muara go, 26
Run Ho,
1 1.494- Y  1.65 0.0142 ' 14310
2 1.621 2.55 0.0146 17590
3 1.72 3.67 0.01565 20320
4  1.757 4.13 0.0153 21460
5 1.855 5.33 0,01542 24S90
6 1*902 6*05 0*0156 26140
7 1.973 7.37 0.01575 23700
8 2.02 8.13 0.0155 30400
9 2.115 10.4 0.01573 34000
10 2.17 11.5 0.0152 36450
11 2.197 12.35 0.01548 37480
12 2.25 13.95 0.01543 39900
13 2.29 15.2 0.01535 41700
14 2.34 16*93 0.01546 43950
15 2*40 19*18 0.0154S 46750
16 2.45 21.10 0.01526 49700
17 2.48 , 22.1 0 , 0.01512 50700
18 2.51 24.10 0.01534 52550
19 2.53 25.10 0.0154 53550
20 2.57 27.15 0.0154 ; 55710
21 2.63 , Y  30.4 , 0.0155 ;. : 58870
22 2.68 :■■■ 34.° 0.01565 61900
23 2.72 36.40 - - 0.01565 64100
24 2.76 . 39,25’.,. 0.01566 664OQ
25 2.79 41.32 0.01562 68200
26 2.82 43.6'. : 0.01563 70100
27 2.89 . 50.2 : • 0.01585 74700
23 2.93 52.12 0.0156 77000
29 2.98 . 58,32 ,, . 0.01572 80700
30 3.00 60.0 0.01572 81900
? WA* ss 0«■wseaw y
Soot XJo.
TOfrWWTMItWiiWiHW
31
32 '
33
3k■dry*
35 "
ho
bkmjrV,
45
46
51
52
53
54
58
Hotoa
HgO
3.03 ; 62.80
3.O6 65.80
3*16 77.0
3.13 81.10
3.24/ ^ 86.21
3.28; ' 33.2
0*7 <5
3.36 t . 104.15
3.43 , II5.70
3.46 . 120.7
3.54 ■,.
TijpJmf,
13W>
3*58 . 139.?
3.53 443#t
3.62 ,
3.64
67
V 7
t&f
<•»
3.74 „
»©/• f
177.11
3.77 186.45
3.®) , 195.65
3.85 , 207.3
3.30
x ok
221.6
4.0 251*11
4.06 271.5
4.13 315.3
4.23 354.1
0.01565
0.01572
0.01578
0.01562
0.01537
0.01573
0.01565
0.01 571:
0.01537
0. CH 556 
0.01543 
0.01545 
0.01545 
0.01547
0.01558
0.0154
0.0154
0.01551
0.01548
0.0155
0.01572
0.01572
0.01553
0.01563 
0.01581 
0.0157 
O.OI576 
0.01534
86000
02000
14550
17000
47300
187750

’s s q e m m al  m m m m
 <'7* BoteJi: '■' EresBiare  . . . . . . . . .
Elm Bo. ciisohsrsa 6xvp iftch £ Be
Head (inch.) of“ water
• 1 1*663 '....... 2.505 ;.... 0.01245 '18720
2 1*752 ’ 3*31 0.01286 21300
3 1.864 4.53 0,01255 24000
4  I.919 5.23 0.01285 26740
5 2.013 6.71 0.01295 30200
6 2.105 f.06 0.01399 33750
7 2.175 9.59 0.01387 36550
8 2.242 12.37 0.01396 39400
9 2.321 14.48 0.01374 43000
10 2.37 16.08 0.01372 45350
11 2.431 18.18 O.OI366 48300
12 2.483 20.31 O.O1374 50900
13 2.54 22.72 0.0137 54100
14 2.594 24.7 0.01351 56950
15 2.633 26.84 0.01348 59100
16 2.63 29.33 0.01348 61900
17 2.738 32.45 0.01348 65100
18 1.796 36.22 0.01361 68500
19 2.84 39.5 0,01363 71400
20 2.891 42.8 0.01355 74500
21 2.322 45.42 0.0136 76750
22 2.999 51*25 0.01366 81600
23 3.115 62.46 0.01358 89700
24 3.135 64.3 0.01351 91300
25 3.19 70.2 0.01352 95500
26 3.252 78.51 0.0138 99900
27 3.322 87.03 0.01371 105570
.. 2S ' 3,345 90.6 0,01364 108750
29 3.402 97.22 0.01356 112500
30 3.457 96.4 0.01375 116600
31 3.503 114.3 0.01372 121200
EABEB Bo. ■ 27 (Oont* &)
TOB3 "B* (~ e 0.02278)
/ i S O W f f i  FR3&TXG&
3*5k
%
■J.
Pressure 
ctrog -iTigfo 
■of water
t&S
36.9
46,0
57.1
59.0
.0
.5
•«9
.4
8
•4
■»5
.0
.5
,8
418,5
424*0
492.0
f
0.01372,
0.01355
0,01373 
0.0128 
0.01333
O.O1333 
0,01298 
0.0134 
0.01345 
0,0135 
0.01358 
0.01292 
0.01343
0.0134 
0.01294 
0.01295 
0.01313 
0.01294 
0.01336
0.01349 
0.01302 
0.01349 
0.01349
’EAMEBo. g3
is a im m L  Bsranrw
*7" Botch Pressure
Bun Bo. ' discharge drop inch f BO
, . , Bead (inch) of water
1 1.632 2.0 0.0110, 17870
2 1.829 ‘ 3.50 0.01102 23780 ,
3 1.962 3.0 0.01099 28300
4 2.059 6.82 0.01186 31830
5 2.278 11.23 0.01176 41050
6 2.35 13.5 O.WI97 44550
7 2.51 17.9 0.01155 52300
8 2.775 23,5 0,01118 67250
9 2.875 35.35 0.01143 736®
10 3.045 47.0 0.01144 849®
11 3.095 51.0 0.01144 88500
12 3.183 53.3 0.0113 95300
13 3*339 74.5 0.0115 106800
14 3.36 77.2 0.01149 108600
15 3.47 90.51 0.01152 117500
16 3.495 91.3 0.0112 119600
17 3.®5 92.8 0.01125 120900
18 3.515 96.0 0.0114 121700
19 3.56 100.6 0.01127 125500
29 3.63 111.3 0.01136 131300
21 3.63 119.6 0.01129 136300
22 3.725 127.7 0.0114 140900
23 3.829 145.5 0.01133 1®600
24 3.833 156.6 0.01135 156100
25 3.94 168.7 0.011® 161200
28 3.99 178.7 0.01122 167500
27 4.05 195.1 0.01142 1735QO
23 4*09 204,2 0.01135 178000
29 . 4*138 216.1 0.011® 182300
®  4.19 231.4 0.01144 189000
31 4.225 242.0 0.01145 19®00
4 .2 $ ; / 253.4 0.01154
4.3 *: 268,4' | 0.011$ ■
4.37 230.4 0.01i$3
4.44 312.5 0.011$
4.4$ 333.8 0.01173
4.53 , 3^3.0 0.0118
4*58/' , 3$3;, ' 0.01151:,
4.59 37$.2 0,01175
4, $3 395.5 0.01134
4.73 410 0.01164
4*7$5 432.2 0.01132
4.815 446.0 0.01118
5.1 527.0 0.01134
477.2
0.0111

IABE3 No. 29 (Cant'd) 
TUS! "D" (| = 0) (Copper)
ISHHEffiBL KSCTESI
uHB'Wwn
31 3.40 '■ 33.1
33 3.431 36.0
33 3.54 40.3
34 3*601> - 
' 3*67 1
43.4
46.5 ' •
%  . 3*757 ’ 52.11 •
37 3*345 ' ' 57.8
33 3.985 * 63.3
33 4*085 - 76.5."’
40 4.19 ‘ 85.O ■
41 4.291 96.20
42 4. 3S 101.0
43 4*42 110.0
44' I TT 4*465 ‘ 113.3
45 4*49 116.2
46 4*533 ‘ 122.1 - '
47 4*595 130.0 •
4*635 135.0
49 4*67 ‘ 140.0
50
51
4*725
4*77
143.0 ’
150.0
52 : 4*80 150.07 ’
53 " 4*83 ' 155.05 s
§  i 1 Ee
111750
123700
152100
0.00406 237400
0.00407 241200
0.00407 246000
O.OO402 254500
0.00332 261900
0.00381 263500
0.00552 267400
•f* Botch
^seharge. 
Head (inch)
tai Bo* . ' 3is<$ia£g®
Bressure
tfeop im h  
..,.#£. water
'iffri«iMii»iMTHIi»i miniwf.
m
1 1.975 '2.85 0.00657 ' 28250
2 - 2,073 3.47 0.0062 32200
3 2.235 4.9 0.00603 38700
4 2.355 6.15 0.00551 45330
5 2.513 7.80 0.00533 53350
6 2.55 10.11 0.00525 61500
7 2.82 13.20 0.00516 70900
8 2.95 16.94 0.00507 78650
9 3.09 19.96 0.00488 87050
10 3.24 24.88 0.00481 97800
11 3.44 32.20 0.00477 111800
12 3.48 34.70 0.00471 117200
13 3.615 41.10 0.00461 128350
14 3*65 44.70 0.00469 132750
15 3.70 45.60 0.00454 136200
16 3.76 48.80 0.00449 142000
17 3.85 54.40 0.00441 154700
18 3.92 60.13 0.00449 157250
19 4.00 ^ 7 0 0.00435 165900
20 4.045 69.10 0,00440 170300
21 4.11 72*60 0.00425 178000
22 4.175 75.20 0.00415 .183300
23 4*21 82.10 0.00429 188000
.84 4.2S 89.90 0.00426 197500
25 4*32 91*70 0,00421 200400
25 4.55 95.13 0,00419 204700
27 4.41 100.0 0,00413 212500
23 It*. /1 /f p 11'VtV 102.37 0.00405 215000
29 4.47 105.40 0.0407 217900
30 ■. 4.51 110.11 0.00403 225000
TOES "E" (§ a 0) (Brass)
31 4*57 '" ■ '■'" 115.30' :" • ■ 0. 00403; 230000
32 4.61 122.10 0,03406 236000
33 4.65 129.41 0,00413 242200
34 4*69 134*3 O.O0405 248603
35 4.71 135.0 O.O0399 249800
35 4.75 140.3 0.0040 254900
37 4. SO 144.51 0.0033 260000
33 4.81 145.0 0.00392 261000
39 4.82 ; 147.3 0.00395 262200
40 4.85 148.0 O.O0385 266000
41 4.92 153.10 0.00387 -270500
42 5.02 160.15 0.003865 276500
43 5.12 169.2 0.00387 284500
EAHB Bo; 51nran-arMr ;«uii^ iiij,aiilwwlaiiii»-
BoaiHff."';: '^ p"q'" ~2 Ena Ho. -  2 log |
1 18.61 1.13 30 112.2 0.9802
2 23.15 1*121 31 114.7 0.9802
3 27.8 0.9802 32 117.9 0.9802
4 29.4 0*9702 33 128,1 0.965
5 33^4 1.010 34 ' 130,5 0.9902
6 35.7 0,9902 35 140.0 1.010
7 39.2 0,9702 35 143,7 0.975
8 41.3 1.000 37 146.3 0.9802
9 46.6 0.9752 33 148.2 0,9802
10 49.1 1.050 39 151.6 0,975
11 53.8 1.COO 40 156.0 0.9902
12 54.0 1.010 41 159.2 1.010
13 56.4 1.020 42 165.7 1.010
14 59.6 1,010 43 167.8 1.020
15 63,4 1.010 44 171,2 1.020
16 67.0 1.020 45 173.0 1.020
17 63,0 1.045 46 179.2 0*990
18 71.0 1.020 47 180.0 1.020
I f  72.5 1.010 48 184.4 1.020
20 75.5 '1.010 49 I 8S.5  ■ ■ "14095,
21 80.0 1*000 50 193.0 1.015
22 84.60 0.9802 197.5 1.030
23 87.6 0.9802 52 202.5 0.975
24 90*7 0*9802'- 53 201.5 0.975
25 93*2 0.9902 54 215.5 0.975
26 95*8 0,9802 55 221.0 O.990
27 102.5 0,9602 56 230.0 1.015
28 105.0 0.9902
to s s  "£■"« c m m m m & L  h m s m b s s  r a t i o  ' ( f  a  ,o .
COHgEtAgI« (F E0TJG®ESS S W E E K H  W E S  EOWSSmsS t o < w m w n s
Bun Ho*, j*
1
£
3
' 4 
5
$
27.7
32.1
2.8
f
5*5
5.0
1.1
55.3
53.0
61*0
62*3
67.2
72.2
45
77*
102*2
2' log ©
15*32
22*7
1*20
1*13 
1*15 
0*555 
i#oi i 
0*975 
0*990' 
1*01
0*990 
0*990 
1*005 
i.n* 
i*<
1*<
1*?
1#<
1*'
1*‘
1*<
1*
1.
1.
0*93 
0.
35
41
51
110.0
114*4
116*6
119.3
133.9
135.0 
140,6 
146.2
147.0
196.0 
162,4
171.2
173.0
480.2 
187*6 
192*0
195.0 
199.8
215.0 
5.5
.5
247.0
£
0
0.930
0*930
1.<
1*<
0#:
1#
i»i
I**
1»<
1*> 
1*020 
1.010 
1*115 
U  
1*
1*
1.
1*
1*
1.
1*
1.
1*
1 .
m m  na n. ocmmTKmM* roijgeness ratio (■§ « 0*01465)■mm—nr ii ii«jfcii«iiiwiiii]iii ■!■«—iiiiM i          nwiiiiii"Tui^ M^f','i*,,Trrrrrr,~'*,,,:l*i,,M- * T* •
COHKffiCTXCS Cg B0T!GIHB{;3 fftMCTICf? TOTH HOBSEHESS CfttSSCTERISEXCS
(TOH MO HBiffl ARDCTXqS)
e
P
J L  - 2 log £  ,
* Rim No*
P It e X - 2 log ^  
e«» ■Ag
t 9.72 I.O96 30 104*7 1.046
2 12.92 1.096 m 107.0 1.006
5 15.4 1.106 32 109.3 0.991
4 17.95 0.941 33 113.0 0.986
5 23.05 0.941 % 117.0 0.971
$ 25.35 0.911 35 121.7 0.986
7 29.15 O.986 % 125.0 0.961
8 36.8 1.060 31 128.6 0.941
9 40.8 I.O16 38 131.1 0.991
10 47.0 1.016 39 133.0 0.961
11 49.0 1.016 40 137.0 1.026
12 52.6 1.040 41 142*0 0.971
13 59.4 1.006 42 143.1 1.030
14 60.4 1.040 43 144.5 1.060
15 65.4 1.006 iij|. 147.9 1.026
16 65.6 1.060 45 150.0 1.026
17 66.5 1.050 46 150.5 1.080
18 67.4 1.021 #7 158.0 1.026
19 69.O I.O4O
20 72.6 1.030
21 75.2 1.040
22 78.0 1.016
23 83.2 1.016
S4 86.2 1.025
25 89.2 1.016
26 92.0 1.046
27 96.2 1.016
23 ; 93.2 1.026
29 100.5 1.016
212.0
m o o 2.175
139.2
131.84-1100
42700
2 2 4 .0
2*210
21I$0 2*200
2*100
■•-'tefflta Ho.' 57 .«warT,grinrr>J'Wi*iiMiawi wwfrriW
DCTA CF ATI B&-SAI3
avemgb Esa aRffltawa abb dhsssohs map m i oam> o tb d ib ic b  mzmrn 
jj = O * |  m 44" CESCOLAR PIES
Test?
Noo
Q v ...
ft.
sec.
' tfiM ' '*
•v
1#wni
^  : ' >
■ ■ ft '
B. Bh.8 HU|MBS*
Pr*^- Re
' h
inch of 
mier
>48.5"
ft.%ar.°S
1 ..<r ' ‘* 6.567 60.6 55.375 3*865 801 83.2 43056 8.03 1
a ••
n
5.764 61.1 55.761 4.339 715 74.3 378G0 a.4 ■ 1
3 •• 4.69 63.7 57.459 4*941 627 65.2 31 CTO 4*45
4 •• 4.062 62,95 58.399 5.301 584.5 61.1 27226 3«45
5 3097•
•
3.354 66.4 56.762 6.188 499 51*8 22000 2.5
6 *•
•
2.704 66.4 59.47 6.93 449 47.2 18330 1.85
7 • -«
•
2.241 65.8 58.642 7*758 399 41.77 15100
i
i
a •• 1.612 68 55.655 10,145 305 31.54 10400 .65
s •» 1.14 60.7 55.046 12.954 239 24.6 7320 .36 !
10
-
.83 63.25 55.089 6.311 180.5 18.53 5250 .2
11 11*0 *583 22.5 54*17 9.08 125.5 12.88 3690 • 1
12 *•
•
•365 63.65 55.825 16,675 68.4 7.02 2365 .0  as
13
• ■
m' .296 65.7 55.21 8,44 54.4 5.6 i$00 .047 !
14 f
•
.166 63 57.08 8.62 53.3 5.55 i097 .023
15 ••
•
*124 63.6 59.6 8.8 52.2 5.46 841 .017 I
16 459.5
•
.089 71.5 59.97 8.67 53.1 5.6 $09 .014
17 ••
•
.069 73.5 63.26 8.24 55.7 5.95 490 .0105
ia £ .038 65.19 8.51 539 5.8 278 ♦01
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